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Abstract 
 
Numerous case studies have demonstrated the catastrophic nature of channel change 
experienced on the Macdonald River, a tributary of the Hawkesbury-Nepean River, New South 
Wales.  However, there is an absence of studies that clearly state how and why the channel 
changed as dramatically as it did.  As a consequence, the magnitude of, and ultimate controls on 
the changes to the Macdonald River’s  form and processes are not fully appreciated. In this 
study, a comparison is undertaken on the three existing river morphology perspectives with 
respect to the Macdonald River.  The Warner and Erskine Perspective states the sole importance 
of the cyclic hydro-climatic conditions of the FDR and DDRs on river morphology. The Brierely 
and co-workers Perspective states the sole importance of anthropogenic influence in the 
catchment and on the banks on river morphology.  The Intermediate Perspective of Hubble and 
co-workers considers both existing and conflicting perspectives and states the importance of both 
cyclic climatic regimes and anthropogenic activity in the catchment and particularly on the river 
banks, in determining river morphology.   Resultantly, a selection of Hubble and co-workers 
Perspective is made to classify the Macdonald River’s morphology.  It is clear, from the analysis 
of historical aerial photographs, archival sketches, photographs and historical documentation, 
that riparian vegetation was absent from the banks of the Macdonald River from 1941 as a result 
of land-clearing practices from the early 19th Century.  The banks of the Macdonald River would 
not have experienced this ‘catastrophic’ channel change between 1949 and 1955 had riparian 
vegetation remained on the banks.  Riparian vegetation has been found to increase the soil-shear 
strength and hence the stability of river bank slopes, in particularly on the Upper Nepean and the 
Macdonald Rivers in New South Wales, where vulnerable sands to silty-sands predominate the 
bank material.  This has been further proved with geochemical  bank stability modeling. 
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Chapter 1: Introduction, context and aims of the study 
1.1 Preamble 
 
Introduction 
There has been much debate and discussion since the late 1990s about the causes and 
consequences of channel changes that took place during of the middle to late twentieth century on 
some South-Eastern Australian coastal rivers.  River bank instability and channel widening 
associated with these changes damaged adjacent arable land, threatened the viability of some 
riparian farms, and destroyed or damaged in-stream habitats and riparian infrastructure. The 
debate focuses on the determining the relative importance of human factors or natural controls in 
causing these channel changes.  Currently, there are three competing perspectives on this issue, 
they are: firstly, a dominantly natural-process control perspective involving hydro-climatic-
regime changes (Warner and coworkers e.g. Warner and Erskine, 1998); secondly, an 
anthropogenic catchment modification perspective (Brierley and coworkers e.g. Kirkup et al 
1998); and thirdly an intermediate perspective that combines aspects of both the natural and 
anthropogenic perspectives (Hubble and coworkers e.g. Hubble et al. 2009).   
 
It has been suggested that one of the reasons why this debate has been difficult to resolve has 
been a lack of appropriate modeling and quantitative investigation into the varying factors 
potentially responsible for the documented channel changes (Hubble and Rutherfurd, 2009).  This 
study will address this aspect of the debate by re-examining the 1950’s channel changes on the 
Macdonald River which is one of, if not, the most dramatic, commonly-cited and widely-
accepted examples of naturally-caused channel change on an Australian coastal river and will use 
archival aerial photographs, qualitative and quantitative field and laboratory methods and 
quantitative geomechanical models in an attempt  to improve our understanding of why this 
episode of channel change was so dramatic. The study will focus on three specific reaches of the 
Macdonald River, namely St Albans (Site 1), Ninians (Site 2) and Duck Bar (Site 3), (Figure 1).  
 
This study will be guided by the following questions. Is it exclusively Warner and Erskine’s 
Perspective of the natural cyclic climatic regime and its associated drought-dominated regimes 
(DDR) and flood-dominated regimes (FDR) that has affected river bank slope stability in South-
East Australia? Or is it exclusively Brierley et al.’s Perspective involving anthropogenic impact 
of intensive farming in the catchment, on the floodplain and banks and the associated removal of 
riparian vegetation that is decreasing river bank slope stability? Or is it a combination of these 
two models involving both a climate regime change and anthropogenic removal of riparian 
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vegetation removal (in-channel, bank and floodplain) as Hubble’s intermediate perspective 
suggests.  
 
Study site 
The Macdonald River catchment is a large south-draining river system, spanning the 
northernmost parts of the Hawkesbury-Nepean Catchment. The Macdonald, at 180 kilometers 
long, enters the Hawkesbury-Nepean River at Wiseman’s Ferry (Hawkesbury-Nepean Catchment 
Management Trust, 1999).  The catchment covers an area of 2,000 squared kilometers and 
experiences an average annual rainfall of 750 millimeters (Henry, 1977). 
 
 
 
 
Figure 1: (A) Regional map of the Macdonald River’s catchment and a shaded relief image of the 
catchment’s topography. (B) Detailed map of the study reach showing measurements sites and 
indicators of distance upstream of the Hawkesbury River (km). (C) Study site location in 
Australia. 
(Source: Rustomji, 2007) 
 
 
 
 
 
 
 
Site 3: Duck Bar 
Site 2: Ninians 
Site 1: St Albans 
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1.2 Geological setting 
1.2.1 Location and regional geomorphology of study area 
The Macdonald River catchment is a large south-draining river system, spanning the 
northernmost parts of the Hawkesbury-Nepean Catchment. The catchment covers an area of 
2,000 squared kilometers and experiences an average annual rainfall of 750 millimeters. The river 
rises on the divide between the Hawkesbury-Nepean and Hunter River systems at an altitude of 
650 metres. Downstream the river cuts into a dissected sandstone plateau of 200 to 300 metres 
high. A narrow and discontinuous floodplain flanks the river upstream (Henry, 1977). 
 
The Macdonald catchment consists of sedimentary Triassic rocks of the Sydney Basin. The sand-
bed river is incised throughout its length through the overlying Hawkesbury Sandstone into the 
upper formations of the Narrabeen Group of sandstones, claystones and shales. Sandstone 
strongly predominates the Macdonald Valley with Hawkesbury Sandstone making up least two 
thirds of the surface rock.  Surface channel deposits have been found to be composed of well-
sorted sub-angular to sub-rounded, medium coarse sand. Recent sand deposits in the channel are 
almost free of gravel with less than five percent silt.  The barren sandy soils and rugged 
topography of the catchment lead to more than 95 percent of the drainage basin being uncleared 
by anthropogenic intervention.  The catchment is instead covered by dry schlerophyll forest 
(Henry, 1977). 
 
Tidal influence extends near to 13 kilometers above the junction with the Hawkesbury- Nepean 
River at Wright’s Creek. Typically, of many coastal streams in New South Wales, the river is 
incised within its floodplain and the bank tops are only inundated by rare, high floods.  Channel 
capacities are related to floods of return periods of four to seven years (Pickup, 1974).  Therefore 
it has been suggested that the Macdonald’s channel capacity is the result of flows of more than 20 
years recurrence interval or formed during a period of considerably higher discharge than the 
present (Henry, 1977). 
 
Channel sinuosity is 1.65 for its entire length. This is entirely derived from bends that are deeply 
incised into bedrock (Dury, 1966). The drainage pattern of the main channel is sub-dendritic, 
characteristic of a drainage system initiated on a gentle regional slope (Howard, 1976, as quoted 
by Rustomji, 2003). 
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1.2.2 Geological history and stability of the region through the Holocene 
i). Geological history: 
The Macdonald Valley lies within the Permo-Triassic Sydney Basin geological province (Hall, 
1927; Bunker and Rose, 1967, as quoted by Rustomji, 2003).  The Sydney Basin consists of 
gently dipping to horizontally layered sandstones and shales, with the southern, western and 
northern margins of the basin rising to between 500 and 1,300 metres above sea-level.  A large 
scale drainage structure of the basin reflects the geological structure, with rivers flowing from the 
basin margins to regions of low elevation in the vicinity of Richmond. This forms the 
Hawkesbury River, which then flows to the Pacific through a deeply incised gorge. The 
Macdonald River drains part of the northern Sydney Basin, along with the larger Colo River to 
the West and smaller Mangrove Creek to the East.   
 
Similar to the adjacent rivers in the Hawkesbury-Nepean catchment, the Macdonald River has 
incised into the Triassic sandstones and shales of the Sydney Basin, as seen in Figure 2. The 
Triassic Hawkesbury sandstone consists of 61 percent detrital quartz grains, sub angular to sub-
rounded in form with a further 20 percent of the rock consisting of matrix of clay.  Particles 
larger than six millimeters are rarely found in the Hawkesbury Sandstone (Standard, 1969, as 
quoted by Rustomji, 2003). Two small and isolated Tertiary volcanic basalt outcrops are located 
south of Howes Valley and form local high points within the catchment. One, named Mt Yengo, 
lies 669 metres above sea-level while the other remains unnamed at 594 metres above sea-level. 
Although undated, these outcrops are very similar to that of a series of more accessible basalt 
caps located 70 kilometres to the South West at Mt Wilson, dated 14 to 20 million years old 
(Rustomji, 2003). 
 
The Hunter Range, at 500 to 750 metres above sea level, defines the northern margin of the 
Hawkesbury-Nepean catchment and separates the Macdonald basin from the Hunter River system 
to the north. The hillslope morphology of the Macdonald Valley involves a “network of 
elongated ridges with rounded lateral spurs extending off the sides” (Rustomji, 2003).  “Ridge 
crests undulate in elevation with numerous saddles and rises along their length and can extend for 
over 30 kilometres” (Rustomji, 2003). Cliffs are a prominent hillslope element in much of the 
Triassic sandstone and are present throughout the catchment.  Cliff tops are located between 100 
and 200 metres elevation and are commonly in mid-slope positions, separating “steeper foot 
slopes from more gently sloping hill crests” (Rustomji, 2003). Joint controlled blocks of widely 
varying size lie upon the hillslopes below the cliffs. Soil profiles upon the ridges and hillslopes 
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can extend to two and a half metres depth and commonly consists of sandy soils towards the 
surface with increasing clay content through the profile and are generally yellowish to brown in 
colour. Weathered stone fragments are almost always present in the hillslopes (Rustomji, 2003). 
 
 
Figure 2: Geology of the Macdonald Valley. Channel materials (Qa): Alluvium, gravel, sand, silt 
and clay; Floodplain materials (Rn): Sandstone, shale and tuff; Catchment materials (Rh): 
Sandstone, quartz, with some shale.  
(Source: Geoscience Australia, 2009, taken from Sydney, New South Wales 1:250,000 Sydney 
Geological Series Sheets S1 56-5. Geological Map. New South Wales: V.C.N Blight, 
Government Printer. 1966. Print.) 
 
ii). Geological stability: 
Sea-level rise between 6,000 and 9,000 years before present was approaching its Holocene 
maximum and aggradation occurred in the alluvial reaches of the Macdonald River at 5.6 
millimeters per year.  Due to its confined valley, conducive to sediment entrapment, the 
Macdonald River prograded. At 6,500 years ago when sea level stabilized progradation continued 
on the Macdonald River.  Between 6,000 and 2,000 years ago the highest and most extensive 
alluvial surfaces were formed, comprised of slightly coarse sand with less silt and clay than the 
underlying early Holocene deposits. Aggradation occurred on the Macdonald River at two to four 
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millimeters per year.  Land-tied bars, levees and flood basins are the alluvial features built at this 
time still dominant in present day valley floors.  This aggradation of the alluvial reaches was 
synchronous with progradation into the Macdonald River’s mouth (Rustomji, 2003). 
 
An important change in floodplain evolution occurred 2,000 years ago with the abandonment of 
the active floodplains constructed during the period between 6,000 and 2,000 years ago. This was 
accompanied by the construction of a mid-level bench inset below the abandoned floodplains.  
This evolution was consistent with a climate change involving a shift to smaller floods occurring 
2,000 years ago.  The abandonment of the Macdonald’s mid-level bench between 600 and 800 
years ago and the formation of the modern floodplain surface below it are consistent with a 
stronger influence of post-highstand base level fall upon floodplain formation and evolution 
along this river. This is illustrated in Figure 3 (modified from Rustomji, 2003). 
 
Figure 3: Schematic model of floodplain aggradation in bedrock embayment-type estuaries, such 
as the Madonald River, as a result of fluvio-deltaic progradation with post-glacial sea-level rise. 
(Key: 1 = bedrock; 2 = sea-level; 3 = coastal barrier; 4 = prograding fluvial sediments; 5 = 
vertically accreted floodplains; 6 = mid-level bench inset below older alluvium). 
(Source: Taken from Rustomji, 2006) 
 
1.3 A Review of Previous Research on Channel Change in South-Eastern Australian 
Coastal Streams. 
Numerous studies have importantly established a context for this study (Erskine and Warner 
1988; Erskine and Bell, 1982; Franks, 2002 and 2004; Hubble, 2001, 2004; Warner, 1995, 1997; 
Warner and Pickup, 1976; Docker and Hubble, 2008; Hubble et al. 2009; Hubble and Rutherfurd, 
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2009).  Erskine and Warner (1988) have indicated that over the last two hundred years, South-
East Australian rivers have experienced a cyclic climatic regime involving secular rainfall 
changes. These regimes alternate, with several-decade-long periods of flood-dominated 
conditions (FDR) being followed by several-decade-long periods of drought-dominated 
conditions (DDR).  The magnitude and frequency of floods at Windsor, the location of 
Australia’s longest flood record, showed identical trends of flood heights to catchment rainfall.  
FDRs, which are defined exclusively on the basis of flood activity, are as a result, periods of 
large-scale channel changes.   These alternating regimes are mirrored in the water levels of the 
fault-bound closed drainage system, Lake George, located just north of Canberra, in the 
Australian Capital Territory, and proximal to the southern boundary of the Hawkesbury-Nepean 
Catchment.    
 
This channel change involves changes in channel morphology and evolution as a result of 
changes in sediment distribution (Warner and Erskine, 1988). While Warner allows for human 
impacts of land use change in the catchment to combine with the secular shifts in rainfall and 
flood activity to modify the channel, such channel changes are viewed to be dominantly a 
consequence of the hydro-climatic cycling. As illustrated in Figure 4, river channels in a FDR 
become less sinuous and increase their width and capacity due to increased run-off.  Sediments 
deposited tend to be comprised of bed load material dominated by sand and gravel.  River 
channels in a DDR become more sinuous and narrower and deeper in response to a reduced run-
off volume. Sediments are fine-grained and are dominated by silt and clay.  This process, of 
course, can be considered to be a possible causal factor in the cause of bank instability and 
channel change for the Macdonald River.  
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Figure 4:  Modifications to theoretical sequences based on data for the Hawkesbury-Nepean 
River.  
(Source: Hubble and Rutherfurd, 2009) 
 
Furthermore, in previous work on channel change in South-Eastern Australia, there has been a 
number of field and experimental studies conducted that have evaluated native riparian 
vegetation’s role in mass failure of river banks (e.g. Mensforth et al. 1994; Abernethy and 
Rutherfurd, 2000 and 2001; Brooks et al. 2003; Hubble, 2004; Docker and Hubble, 2008; Hubble 
et al. 2009); an important factor in influencing channel change.  Resultantly, recent riparian 
vegetation management practice in Australia has focused on re-establishing or maintaining native 
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riparian vegetation in order to control or prevent erosion as well as regenerate or preserve the 
complex biodiversity of in-stream and riverside habitats.   
 
Two quantitative investigations of the root architecture of Australian riparian trees have been 
undertaken.  These involved the surveying of the root-area exposed in relatively shallow trench 
walls dug around two species (Abernethy and Rutherfurd, 2001) and the observation of the 
geometry of juvenile, excavated root systems of four species (Docker and Hubble, 2008).  
Average maximum root depths as a percentage of tree height were calculated and it was found 
that if the relationships were to apply to larger, mature trees then a 30 metre tall Eucalyptus 
amplifolia would have roots extending to a depth of approximately 20 metres and a 30 metre tall 
Eucalyptus elata would have roots extending to a depth of approximately 10 metres below the 
ground surface.  A reduction in root material mass with increasing depth and lateral distance from 
the tree stem was observed for the species tested.  In addition, tensile strength tests in the 
laboratory and root-pull out tests in the field have been undertaken on the River Red Gum 
(Eucalyptus camaldulensis), Swamp Paper Bark (Melaleuca ericifolia) (Abernethy and 
Rutherfurd, 2001) and on River White Gum (Eucalyptus elata), Swamp Gum (Eucalyptus 
ampifolia) and on Casuarina glauca and Acacia floribunda (Docker and Hubble, 2001 and 
2009). It was found that for both tensile strengths and pull-out strengths for the tested Australian 
species there is an increasing peak resistance with increasing root diameter and larger roots seem 
better anchored due to their size and branched morphology (Docker and Hubble, 2008).   
 
In the field shearbox study tests were performed on juvenile root systems, as illustrated in Figure 
5 and 6. Root-area ratios were calculated and ranged between 0.01 and 0.75 percent with 
individual roots varying between 0.5 and 20 milimetres in diameter at the shear plane. The shear-
strengths calculated using root tensile-strength values and commonly used root-reinforcement 
models, such as Wu et al. (1995, as quoted by Hubble et al. 2009), which assume simultaneous 
root failure at the failure plane, yielded shear-strength values between 50 and 215 percent higher 
than directly measured shear-strengths. Docker and Hubble’s (2008) results confirm similar 
findings by Pollen and Simon (2005, as quoted by Hubble et al., 2009) with results indicating 
that the Root Area Ratio (RAR) soil shear strength calculation method leads to a significant 
overestimation of the actual root reinforcement.  This has been found to be the result of, firstly, 
the breakage or pull-out of roots that taper and narrow beneath the shear plane such that 
individual roots do not achieve the tensile strength calculated on the basis of root diameter at the 
shear plane, and secondly, the fact that the soil mass, rather than failing instantaneously across 
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the entire shear plane, fails progressively along the length of potential shear plane. It was found 
that finer, more-evenly distributed roots achieve model assumptions of instantaneous failure of 
roots on the shear plane or within the shear zone more closely than root systems of fewer, larger 
and more irregularly spaced roots (Hubble et al. 2009). 
 
 
Figure 5: In-situ shear test methodology. 
(Source: Docker and Hubble, 2008) 
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Figure 6: Root tensile strength curves plotted against root diameter.  The relationships measured 
for A. floribunda, E. ampifolia, E. elata and C. Glauca are labeled in the diagram, and Line A has 
been taken from Abernethy and Rutherfurd (2001) and represents E.camaldulensis and 
Melaleucaerici folia.  Lines 1 through to 6 has been taken from Nilaweera and Nutalaya (1999 as 
quoted by Hubble and Rutherfurd, 2009): 1 = Dipterocarpusalatus; 2 = Hopeaodorata; 3 = 
Alangium kurzil; 4 = Hibiscus macrophyluus; 5 = Alsonia macrophylla; 6 = Ficus benjamina; 7 
=Hevea Brasiliensis. 
(Source: Modified from Abernethy and Rutherfurd, 2001 and taken from Hubble and Rutherfurd, 
2009). 
 
There has been an increase in the use and application of research in the geomechanical effects of 
vegetation on hill-slope stability to understand mass failures on Australian rivers, over the last ten 
to 15 years.  Docker (2003) developed a model for root-cohesion that illustrated the geometry of 
the root-reinforced zone and demonstrated a substantial increase in bank stability generated by 
mature riparian trees as opposed to un-vegetated banks, due to an increase in the RAR present at 
depth in the soil mass.  This model is, however, relatively, geometrically complex.  Hubble’s 
revised model (Hubble et al. 2009) is more conservative than Docker’s 2003 model, with three 
root-reinforced zones, consisting of an upper and lower pair of two metre thick surface parallel 
layers, and a third zone of sparsely root-reinforced material occupying the region between the 
base of the lower surface parallel layer and the drought-period water-table surface. Root cohesion 
values in the surface parallel layers are 10 kilopascals (upper) and five kilopascals (lower) and 
the lower, sparsely root-reinforced zone is assigned an additional minimal value of two 
kilopascals for root cohesion in the vegetated state.  Factor of safety estimates based on these 
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revised parameters yield significantly more stable values for vegetated banks than the original 
parameters, used in Hubble’s earlier work (Hubble and Hull, 1996; Hubble, 2004; Docker and 
Hubble, 2009) model. 
 
Using the revised model (Hubble, 2004) it has been concluded that the presence of woody 
riparian vegetation on river banks significantly reduces the likelihood of erosion by mass failure 
due to reinforcement of river bank soils by tree roots.  A reduced likelihood of mass failure 
enables a narrower channel cross-section than would otherwise be the case for many South-
Eastern Australian coastal streams.  Many Australian native tree species have evolved roots than 
seek the permanent, summer water-table in order to survive the extreme dry periods. These, in 
addition, become particularly effective in mass failure mitigation due to their rooting depths of 
five metres or greater.  It is the presence of these roots across a shear plane that increases the 
shear strength of the soil on that shear plane.   
 
The amount of increase in shear strength is dependent on the quantity of root material expressed 
as the RAR at the shear plane. Shear strength calculations of root-reinforced soil based on root 
tensile strength data in Waldron’s (1977) and Wu et al.’s (1979) simple root model will lead to a 
significant overestimation of the actual root reinforcement potential. The species and the mode in 
which its root system fails will affect the magnitude of the overestimation, for example, if the 
soil-root matrix fails as a composite block of greater cohesion, the values of increased shear 
resistance are closer to those predicted by the Waldron/Wu model, however, most roots fail 
progressively in the style of a series of anchors. Hence, the simple root model will not always 
accurately indicate root-cohesion at the shear-plane.  Hubble’s revised, simple model for the 
initial evaluation of the stability of South-Eastern Australian banks has been established and 
demonstrates the importance of trees reducing the likelihood of mass failure (Hubble et al. 2009).  
This model will be used for this study, for the Macdonald River. 
 
In addition, to previous work on channel change in South-Eastern Australia, criticism has been 
made of Warner’s secular hydrologic regime change in South-East Australia, by those who 
question the geomorphic effectiveness of the perspective and state that the importance of 
anthropogenic disturbance on floodplains and river banks has been seriously underplayed (Kirkup 
et al. 1998 and Brooks and Brierely, 1998, in press).  This is important for my research as it 
highlights the second factor, the anthropogenic removal of riparian vegetation, which must be 
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considered when determining the causes of bank instability and the role of riparian vegetation on 
the banks in providing stability.   
 
The Brooks and Brierley Perspective states that catchment landscape conditions determine the 
sensitivity of the land-scale.  Kirkup, in particular, (Kirkup et al. 1998) does not concur with the 
FDR/DDR cycles of the Warner Perspective due to its oversimplification and generalization 
nature. Kirkup (1998) suggests anthropogenically based mechanisms, such as vegetation clearing 
on the floodplain, are more significant in influencing channel change. Therefore, the principal 
causal relationship of channel change is between morphological change and anthropogenic 
processes. Hence, the primary causes of bank failure are human derived, including de-vegetation 
of the catchment and banks and sediment extraction. 
 
This can be seen on the lower Bega River, on the South Coast of New South Wales.  Profound 
changes to the geomorphic condition and behaviour of the river have reflected indirect impacts of 
human disturbance to the Bega catchment and direct disturbance to the channel.  In the 1850s, 
prior to significant European settlement, the Bega River was a narrow, relatively deep channel 
lined with river oaks carrying a suspended or mixed load with relatively cohesive and fine 
grained banks.  By 1926 the channel had widened extensively by up to 340 percent and shallowed 
as a result of bed aggradation by a coarse sandy bed-load.   The floodplain accretion was 
dominated by fine to medium sands with coarse sand splays.  This channel change was the result 
of extensive clearance of the catchment, floodplain and riparian vegetation, which altered the 
hydrologic and sediment regime of the river.  This study revealed human disturbance on adjacent 
landscapes induces impacts on river character that are just as profound as major direct 
disturbances on river channels themselves (Brooks and Brierley, 1997). 
 
Moreover, in addition to largely ignoring the anthropogenic clearing of floodplains and banks, 
Hubble and co-workers critique on Warner’s DDR and FDR Perspective is that it ignores slope 
stability considerations and the possibility that banks can be naturally over-steepened.  Hubble 
and co-workers’ Intermediate Perspective states that extrinsic climatic forcing is viewed as one 
factor and anthropogenic influence, primarily devegetation, as another.  As found on the Upper 
Nepean River (Hubble, 2001; Hubble, 2004; Hubble and Rutherfurd, 2009) devegetation was, in 
general, a necessary requirement for bank collapses to occur in the study area at the onset of the 
1949 to 1991 FDR and was a major causal contributor to such collapse.  There were rare 
examples of the failure of vegetated banks and it was suggested that these were responding to the 
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removal of the bank-toe due to erosion.  It was found that the collapse of the banks in the study 
area was much less likely if these banks had remained in a vegetated state.  Hence, bank 
instability arising from de-vegetation amplifies the potential channel widening possible during 
any given FDR.  In some instances, a naturally changed flood regime, as outlined by Warner and 
Erskine’s Perspective, will lead to sufficient toe erosion to trigger bank failures and rapid bank 
retreat.  Such changes are entirely natural and will tend to occur when the floods are very large 
and powerful. In addition, where natural toe scour is minor, only de-vegetated banks will be 
prone to failure and retreat, whereas vegetated banks will remain stable.  
 
1.4 A Review of Previous work on styles of floodplain development in South-East 
Australia coastal rivers. 
Two general models of floodplain development have been proposed for Eastern Australian 
coastal rivers. One model has been devised by Warner (1999) and the other has been established 
by Nanson (1986). 
 
1. Warner Model: 
Fluvial geomorphology textbooks commonly state that rivers are in stasis or in a stable 
equilibrium state, however, rivers of New South Wales have been seen to adjust to both secular 
and periodic rainfall changes over decades and catastrophic events over centuries.   
The Warner model considers four aspects of floodplain development. The aspects include the 
valley-floor trough, sediment type, sediment source from upstream and the processes to deliver 
the sediment to the valley floor.  The Warner model emphasizes the role of multi-decadal 
climatic shifts as the dominant controlling factor in floodplain evolution in South-Eastern 
Australian rivers.  Channels, which are erosional features, are “intimately” (Warner, 1999) 
connected with floodplains, acting as depositional stores.  However, channels can aggrade as a 
result of floodplain erosion via bank erosion and surface stripping (Warner, 1999).   
 
Floodplains are formed by the deposition of rivers of a range of fluvial sediment loads and can be 
attributed to two types of sedimentation.  Firstly, basal coarse deposits or gravels that form fifty 
to eighty percent of the alluvial formation.  When channels migrate laterally across the 
floodplain, these deposits form point bars on the convex banks.  Secondly, finer top-stratum 
deposits which are associated with vertical accretion from overbank flows.  However, this 
concept may not suit all coastal valleys of New South Wales, where valley-floor troughs are 
generally narrow and where rivers deeply dissect valleys and often incisor into adjacent 
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tablelands.  As a result, lateral movement of the river is constrained and floodplains have been 
assumed to accrete vertically in response, so as flood flows are contained in the channel.  Cyclic 
stripping or floodplain erosion by a larger flood or a series of floods acts to regulate these 
vertically accreted floodplains, and lower them approximately every 300 years.  This is 
particularly the case in upper reaches of coastal valley channels. In the lower, middle reaches, 
however, valley-floor troughs widen and become relatively stabilized.  These valley-floor troughs 
include older terrace or abandoned floodplain deposits and the river dissection of the valleys has 
ceased (Warner, 1999).   
 
As for the case of the lower Macdonald River, tidal and near-tidal areas are home to floodplains 
that are post-transgression features, drowned by the post-glacial rise in sea-level, located in the 
drowned valley-floor trenches cut during the Pleistocene and lower sea-level (Warner, 1999).  
Typically of the Hawkesbury Nepean River, valley-floor troughs are narrow in sandstone gorges 
and lack a floodplain but shale reaches have wider troughs with extensive floodplains inset with 
the younger terrace sequences.  Where they were drowned by the transgression of the last sea-
level rise, troughs are wider and their narrow marginal floodplains are discontinuous.  There have 
not been any terraces found in these areas to be older than the Holocene.   
 
Pristine and anthropogenically modified floodplains existed prior to European settlement as a 
result of the absence of unmodified catchment practices that tended to disrupt the dynamic 
equilibrium or “harmony” (Warner, 1999) between floodplain and channel. The removal of 
riparian vegetation is one of the most significant catchment practice changes, with the intention 
of creating cropping, grazing and urban space as well as a source of timber for infrastructure and 
fuel. This has altered the hydrological regime increasing the discharge of both sediment and 
water to the channel.  From their point of removal mobilized sediments represent soil erosion, to 
colluvial accretion on basal slopes and alluvial deposits in the stream load.  Post-settlement 
alluvium is created as a result of these alluvial deposits entering the stream load that act to reduce 
the capacity of the channel, causing any floods to deposit loads (Warner, 1999).   
 
2. Nanson 1986 model: Disequilibrium model (Nanson, 1986): 
The Nanson (1986) model, illustrated in Figure 7, states that gradual vertical accretion of 100s or 
1000s of years takes place, followed by brief periods of catastrophic stripping. According to 
Nanson, floodplain development involves a cyclic or episodic pattern, where by gradual vertical 
accretion of, for example sandy alluvium, is followed by a period of severe flooding and 
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associated catastrophic erosion.  The relationship between the erosional force in the channel at 
times of maximum stress and the ability of the boundary to resist this force is vital for this to 
occur.  The factors found necessary for disequilibrium to occur were an erodible sandy-silty 
alluvium stabilized with vegetation, a relatively high-energy and high-variability flow regime and 
the inability of the channel to migrate laterally. If the channel is unable to migrate laterally, a 
floodplain is formed by vertical accretion and channel capacity and stream power at bank-full 
flow increase and the recurrence intervals for overbank flows declines.   
 
However, continued growth of these floodplains and either a single or a series of closely spaced 
floods ends in destruction as the gain in height of the levee banks creates steep-gradient 
floodplains confining their flows to the main channel and to the steep-gradient backchannels of 
the floodplains. The erosional thresholds of the channel and the floodplain are eventually 
exceeded and erosion and bank failure occurs.  This can involve large scale stripping of the fine 
grained alluvial deposits down to a basal gravel lag layer.  This is then followed by floodplain 
reconstruction as a result of a gradual period of vertical accretion.  The chronology of floodplain 
deposits studied by Nanson (1986) suggested that floodplain growth and destruction of this type 
occurred approximately once every 300 to 2,600 years. This implies multiple cycles of floodplain 
growth and destruction throughout the Holocene (Nanson, 1986).    
 
 
Figure 7: Nanson’s 1986 model of an episodic cycle of catastrophic stripping and gradual vertical 
accretion.  
(Nanson, 1986) 
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1.5 Specific aims of the study 
This study will attempt to:  
1. Determine the history of the Macdonald River’s morphology with respect to bank failure 
(aerial photographs), including when failures occurred, relationship between bank failures 
and bank clearing and bank erosion to channel extraction activities. 
2. Identify specific typical cases of bank failure that will enable an assessment of the 
parameters thought to control bank failure, such as material properties, bank geometry 
and stratigraphy. 
3. Assess relative contributions of human and environmental factors, such as climatic regime 
changes, long-term stability and de-vegetation of riparian areas, thought to be influential 
in causing river bank collapse. 
4. Assess accuracy of previous perspectives of Australian river morphologies, based on 
factors causing bank collapse. 
5. Attempt to predict likely areas of future bank collapse and channel change and suggest 
measures which may prevent such future collapse. 
6. Establish a database of morphological and sedimentological characteristics of current 
conditions for future study comparison. 
 
1.6 Description of methodology 
To test both current and conflicting theories, using the site of the Macdonald River, methodology 
will involve: 
1. Studying archival aerial photographs, obtained from the Department of Lands, of the 
1940s, 1950s, 1960s and 1970s of three chosen reaches of the Macdonald River, 
namely, St Albans (Site 1), Ninians (Site 2) and Duck Bar (Site 3). Aerial photographs 
will illustrate former catchments, floodplains and bank forms and help determine the 
timing, location and critical factors involved in bank collapse and flood regime 
impacts and the role of vegetation on banks and slopes in stabilizing soil. 
2. Reviewing, contrasting and comparing the ideas in past journal articles on 
documented river bank slope stability. 
3. Collecting soil property data in the field at the three study sites to determine soil 
composition and susceptibility to erosion. After a loss-on-ignition process a particle-
size analysis test will be performed to obtain a soil description and soil classification.   
4. Using topographic surveys of the three chosen reaches of the river to obtain bank 
shape to identify bank angles and the location of the floodplain. 
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5. Using the soil data in geochemical bank stability models to evaluate factors 
responsible for bank failures.  
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Chapter 2: Historical analysis of bank collapse 
2.1 Introduction 
As dynamic features of the riverine landscape, channels change in form over time (cf. Schumm, 
1963). Unstable channels are typical of the Hawkesbury-Nepean catchment, which is flanked by 
alluvium and shale rocks.  It is the potential lethal threat and damage of channel change to human 
populations which is the problem. However, the destruction of productive alluvial lands and bank 
erosion is inevitable with floodplains subject to marginal erosion and deposition and periodic 
inundation with additions to or removal of the alluvium storage.  The Macdonald River is located 
in a bedrock gorge trough with alluvial stores of present and abandoned floodplains (Henry, 
1977; Warner and Erskine, 1999). This fluvial system is more likely to experience channel 
changes as the alluvial stores and riverbanks are preferentially eroded to the bedrock walls of the 
gorges (cf. Schumm, 1963).  If the channel is enlarged laterally through bank erosion, it is at the 
expense of the alluvial store.  If the channel shrinks in size the floodplain alluvial store volume is 
increased.  Channel changes are best and most often identified in cross-sectional changes in width 
and depth, for example bed degradation or increased in depth or bed aggradation or decreased 
depth; and bank erosion or increase in width, bank accretion or decreased width (Warner and 
Erskine, 1999).   
 
Pre-gauging historical records 
Anecdotal, pre-gauging historical records from 1850 to 1950 constructed by Hutton-Neve (1982) 
reveal the flood of 1889 was the first documented flood to cause large scale destruction along the 
Macdonald River. Flood waters of the Hawkesbury met a high incoming ocean tide which banked 
up at the mouth of the Macdonald River, forcing great volumes of water to surge up the 
Macdonald Valley and merge with initial minor local flooding, which was unable to dissipate.  
Farms along the channel were inundated, buildings, stock and crops were washed away, roads 
and wooden bridges disappeared and sailing vessels and small boats were wrecked at their 
moorings, destroyed or swept down into the Hawkesbury or out to the Pacific Ocean. Eye-
witness accounts state floodwaters rose to the eaves of the then Jurd’s Hotel, now the Settler’s 
Arms, washed away the Police quarters and five houses in the township of St Albans. Great 
quantities of silt were brought down from upcountry to block still further the gradually 
shallowing Macdonald River and large volumes of sand were deposited over the once productive 
low-lying flats.  It has been documented (Hutton-Neve, 1982) that along some reaches of the 
river near St Albans, water-gums fringed the channel since the arrival of Governor Phillip, 
contributing to the ascetics of the region. They apparently withstood the three major floods of 
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1867, 1889 and 1913 and intermediate smaller ones, but were removed or otherwise destroyed by 
the series of floods commencing in 1949. The banks were described as being destroyed and 
where the river skirted the mountainside, it cut right back into the bedrock (Hutton-Neve, 1982).   
 
Post-gauging historical records 
Several authors have stated that the 1949 flood was the most significant erosive event with the 
channel reflecting the adjustment of the channel to the onset of the FDR of 1948 (Henry, 1977; 
Erskine, 1986; Rustomji, 2003). The flow overtopped the banks along most of the valley by a 
depth of one to two metres (Rustomji, 2003).  This FDR onset flood was characterized by a 
substantial increase in flood peak discharge for a given frequency in addition to an increase in the 
proportion of the total sediment load transported as bed load. The FDR has been characterized by 
the increase in the catchment’s annual rainfall by 36 percent and an increase in the summer 
rainfall by 65 percent.  Mean bed material size coarsened from 0.18 to 0.22 milimetres to 0.25 to 
0.38 milimetres.  In the FDR of 1949, the channel of the Macdonald widened and shallowed 
(Henry, 1977).  As a result of the floods between 1949 and 1955, the Macdonald River trebled its 
width by over more than thirty kilometers of it length above the tidal zone and aggraded its bed 
by almost three metres.  After the 1955 flood, Mr Jurd’s dairy, covering two acres in the Upper 
Macdonald, upstream from Site 3, Duck Bar, stood at the edge of a nine metre drop to the 
channel. The cultivation paddock with its 165 metre frontage to the road had disappeared, and at 
one point taking the road with it.  For 400 metres downstream the river had also stripped away 
the river bank (Henry, 1977).   
 
This behaviour was similar to that described for the end-FDR channel event on the Macdonald 
River in the year 1900 (Storrie, 1980, in Warner and Erskine, 1999).  Since 1900, the low-flow 
channel during the DDR of 1900 and 1949 had, hence, narrowed significantly.  This documented 
change highlights the Macdonald River’s sensitivity to hydro-climatic flood-induced channel 
changes.  Floods of March and May in 1978 were the largest recorded, as suggested by Warner 
and Erskine’s general model (1999), since the commencement of stream gauging in September 
1954.   
 
By March 1978 the bed aggraded by 0.3 metres due to large scale bank erosion and localised but 
deep overbank deposits were laid down on the floodplain and cutoffs. Then in June 1978 the bed 
degraded by 0.1 metre removing some sand deposited in the March flood. This was a divergence 
in river response to the two floods, as a result of the episodic supply of large volumes of sand 
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from river bank erosion during and the subsequent reworking of sediment by smaller events. This 
further highlights the Macdonald’s sensitivity to flood damage (Warner & Erskine, 1999). 
 
2.2 Geological context 
Narrow sandstone valleys of Central Eastern New South Wales are particularly subject to 
devastation by major floods (Hickin and Page, 1971 as quoted in Henry, 1977), due to their 
relative fragility as a landscape. This is evident in the existence of an episodic gullying cycle that 
extends over periods of tens or hundreds of years for sandstone valley streams, such as that of the 
Macdonald River. In these sandstone valley streams, sandy valley fills are created and 
periodically flushed out partially or completely and reformed.  Hence, as a result of the high 
rainfall typical along the eastern escarpment of New South Wales, flooding will continue to be a 
hazard to those that populate the floodplains of these streams. It has therefore been advised to 
limit the obstruction of downstream floodplains by the construction of causeways or extensive 
engineering works, such as motor ways or urban or industrial development, and instead leave the 
floodplains for the free passage of floodwaters. This will act to avoid backwater flooding and 
local channel and floodplain erosion. In addition, the aggradation of downstream channels, such 
as on the Macdonald River, since the recent sea-level rise of the Holocene, has positioned the 
stream beds on a very narrow stringer of erosion-resistant gravel flanked by much less resistant 
fine sands and silts. Channel scouring and serious downstream sedimentation can be caused by 
subsequent channel widening or straightening which transports the stream off its erosion-resistant 
bed (Nanson & Young, 1983).  
 
In addition, it has been stated that ‘catastrophic’ floods, such as the 1949 Macdonald River flood, 
are relatively common occurrences along the New South Wales coast and this has played an 
important role in the formation of the region’s flood plains. Floodplain morphology of these 
rivers involves confinement between valley walls, so the channel hugs the bedrock valley wall 
before switching valley sides. As a result, alternating strips of discontinuous flood plain form 
between the channel and the farthest side of the valley and so paired floodplains are uncommon, 
such as that of the Macdonald River (Nanson, 1986). 
 
2.3 Observations of historical change within the study area 
Soon after the arrival of the First Fleet at Port Jackson in January, 1788, Governor Arthur Phillip 
explored the northern coastline and discovered Broken Bay and the Hawkesbury River. He 
returned to Broken Bay in 1790 and was rowed up the Hawkesbury River. He sighted the 
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Macdonald River, naming it the “First Branch”, and was excited at the prospect of good farming 
areas to promise the Colony a reliable source of food. In 1827, Solomon Wiseman, an 
emancipated convict, established the first punt on the Hawkesbury River at a point just below the 
Macdonald River. The Great North Road was in the early days of construction to provide the then 
only road to the north of the Colony. There were approximately twenty families in the Macdonald 
Valley, with settlement slow but steadily increasing.  Landholders in the Pitt Town to Portland 
areas grazed their young beef cattle in the Macdonald Valley, due to its fertile plains and water 
supply.  Initial settlement in the Valley was dependent on river traffic for communication, and 
hence front doors of farms were built close to and facing the river. Dirt roads were built between 
neighbouring farms and sometimes bullocks were used for ploughing and transportation of goods 
to small river boats. With affluence, settlers bred horses for farm work and for riding (Hutton-
Neve, 1982). 
 
The first official grants along the Hawkesbury River were not allocated until 1794, and by 1796 
in an official survey, and 400 Anglo-Saxons were established along the banks of the Hawkesbury 
River.  It is well documented that there were also many settlers living up the narrow valleys who 
were not counted in the survey. The river flats were surveyed in 1833 and the “First Branch” was 
renamed the Macdonald River, after John Macdonald of Pitt Town, an early bushman, explorer 
and settler.  Initially, relations between the Aboriginal communities and the settlers were 
harmonious. The natives treated the settlers as welcome guests teaching bush skills and assisting 
with the planting of new crops. But eventually conflicts soon developed and the Aborigines were 
denied access to many of their sacred areas. Yam beds, for example, were destroyed by the 
planting of wheat and corn on the river banks and floodplains and denied the natives areas for 
fishing. There are recorded cases of natives providing labor on farms in exchange for a share of 
the crop, but being massacred rather than been given their share. The natives retaliated by setting 
crops on fire, just before harvesting was due.  Following, regulations were put in place to prohibit 
natives entry to established farm areas and again denying them access to fishing the river.  The 
first reliable survey undertaken between 1833 and 1834 revealed 86 land holders, some with 
several blocks, in the Macdonald Valley (Richardson, n.d.).  Before the riverbanks were cleared 
of their vegetation, old settlers often wrote of spanning the river on fallen trees prior to 1949 
(Richardson, n.d.), suggesting a width of approximately 20 to 30 metres (T.Hubble [The 
University of Sydney] pers. comm., 14 October, 2009) a testimony to the narrowness of the 
riverbed in years past. But the riparian vegetation removal for the cultivation of crops along the 
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banks of the Macdonald River resulted in mass silting and degradation of the riverbed as 
respective floods ran their natural course (Richardson, n.d.). 
 
Observations of historical change have been published by Henry (1977), including that of land 
use in the Macdonald Valley.  As arable land was limited in the Macdonald Valley, farmers 
cultivated their floodplains to the bank-tops and down the riverward sides of the banks in a 
successful manner for years. The sloping banks immediately adjacent to the low-flow river 
channel also provided the best pasture in dry times, probably as a result of occasional flows 
replenishing the local water table as is common in the present-day (T.Hubble [The University of 
Sydney] pers. comm., 14 October, 2009). It is documented that landholders would even reshape 
the bank after flooding, with shovels, so as it would provide a little resistance as possible to 
further floods. Grass would then be encouraged to grow.  When fencing wire became readily 
available many farmers took up dairy farming. Cattle access to river banks wiped out the reeds 
(Phragmites australis and Arundo donax) that had established themselves along the banks from 
the Higher Macdonald to Wright’s Creek. Reeds acted to reflect the slow flow of the river and 
stablise the banks with their roots (Henry, 1977). 
 
The Windsor and Richmond Gazette published on Saturday, July 4th, 1903 broadcasted the 
opening of the new bridge at St Albans. An old fashioned timber truss bridge had spanned the 
river for twenty years, but on a visit to the area, the member of Northumberland, Mr John Norton, 
declared that a new bridge was to be built.  At the end of 1901 the tender of Mesers John Ahearn 
and Son for the construction of the new bridge was accepted.  However, there were many 
unforeseen difficulties encountered by the contractors, of which some could not be avoided and 
the original plans for the bridge had to be slightly altered to suit the conditions.  Conditions 
included, the failure to strike rock with the driving of piles at a depth of over 60 feet, for the third 
pier of the bridge.  With the absence of a rock bottom, the third and forth piers that were to have 
been wrought iron and cast iron cylinders had to be made of wood. Fortunately the contractors 
were not impeded by floods during construction and completed the work in 1902 before floods 
and “torrential” waters. The Minister for Public Works, Hon. E.W Sullivan at the address 
congratulated the people of St Albans upon having had so fine a bridge erected over “their 
torrential river” (Windsor and Richmond Gazette, 1903).  The survey for the construction of the 
bridge is illustrated in Appendix A, Figure A1 and A2. 
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The Town and Country Journal, published on September 21st, 1910, featured an article titled the 
“Tributaries of the Hawkesbury, No.1- The Macdonald River”.  It reveals the crop returns in the 
Macdonald Valley being relatively high despite the hardships faced by settlers including droughts 
and floods that occurred “at disgustingly frequent intervals” and destroyed their “crops 
wholesale” (Unicorn, 1910). However, in the dry-season of 1909, apparently 43,994 bushels of 
maize were harvested, 11,961 cases of fruit (stone and citrus) and hundred’s of tones of pie 
melons, water melons, and pumpkins in addition to tones of fodder, such as hay, sorghum and 
imphee.  The river at his time was navigatible by vessels of light draught for a distance of about 
10 miles from its mouth and this provided a transport route for the produce of the valley.  Hence, 
it was quite a productive region in the early half of last century, acting as a food bowl for the 
Colony of Sydney (Unicorn, 1910). 
 
The proceeding images, labeled Figure 8 to Figure 13, illustrate these observations of historical 
change in the study area. Note in particular the absence of vegetation of the Macdonald River’s 
banks and floodplains due to clearing and small slumps evident in Figure 13. 
 
 
Figure 8: Lower Macdonald, watercolour n.d. 
(Source: National Library of Australia) 
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Figure 9: Macdonald River at Wiseman’s Ferry, 1878. Pencil-watercolour. 
(Source: H.G. Lloyd, State Library of Tasmania) 
 
        
Figure 10: Macdonald River, 1878. Pencil-watercolour. 
(Source: H.G.Lloyd, State Library of Tasmania) 
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Figure 11: Lower Macdonald River, 1881. 
(Source: State Library of New South Wales) 
 
Figure 12: Mouth of the Macdonald River, 1881. 
(Source: State Library of New South Wales) 
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Figure 13: Central Macdonald River, 1881. 
(Source: State Library of New South Wales) 
 
2.4 Tidal influence 
Until 1949, the Macdonald River was tidal to St Albans. It has been documented that “in those 
days the tide used to go well up past St Albans and sailing boats for shallow draught could come 
right up to St Albans” (Hutton-Neve, 1982, p.51) 20 kilometres upstream of the Hawkesbury 
confluence.  However, after the 1949 flood the Macdonald was tidal only to the Wright’s Creek, 
located downstream of St Albans, within 12 kilometers of the Macdonald’s confluence with the 
Hawkesbury River (Henry, 1977).   
 
2.5 Flood history-regimes in New South Wales 
Flood records of height or stage at Windsor from 1799 have been interpreted to present 
systematic changes that occur over periods of up to 50 years, as shown in Figure A3, in Appendix 
A (Riley 1988; Erskine and Warner, 1988). These changes may be defined as flood-dominated 
regimes (FDR) that alternate with drought-dominated regimes (DDR).  Flood-dominated regimes 
that occurred between 1799 and 1820, 1862 and 1900 and 1949 to 1991, experienced larger 
floods more frequently, than those of the DDRs, promoted by rainfall increases in the form of 
increased storminess in summer. DDRs that occurred between 1821 and 1862, 1901 and 1948 
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and 1992 to present-day experienced less frequent and smaller floods, with half the size of the 
mean annual floods of the FDR, where discharge data is available.  This secular climatic change 
is evident in the stage record for the closed basin of Lake George, New South Wales (Warner, 
1999b; Hubble and Hughes, 2005). Stage records were high in FDRs and the lake levels were low 
or the lake became dry in DDRs.  This secular climatic change created short lived changes 
compared to those of the Pleistocene, which involved thousands of years, with potential links to 
the Southern Oscillation (Riley, 1988 as quoted by Warner, 1999b), while Hubble and Hughes 
(2005) suggested that these fluctuations are quite possibly linked to the positive and negative 
states of the Inter-Pacific Decadal Oscillation and identified 40 and 80 year periodicity in rainfall 
records for the greater Sydney area.  This periodicity pattern is illustrated in Figure 16.  
 
 
Figure 14: Cyclicity analysis showing an eleven-year, precipitation running mean at Camden 
NSW (BOM records); historical levels of Lake George 
(Jacobsen and Schubert 1979) and flood-dominated or drought-dominated flow regimes 
identified by Warner (1999).  Hubble (2001) found that the onset of flood-dominated conditions 
(drought-dominated) conditions corresponds to points in time when longer-term precipitation 
running means rise above (fall below) the mean of the entire rainfall record.  
(Source: Hubble and Hughes, 2005). 
 
It has been documented that during the 1820s, the Macdonald River experienced a succession of 
major floods at intervals of more than twenty years (1867, 1889, 1913 and 1949, the highest on 
record). Importantly, these floods did not cause much geomorphic change to the river channel 
(Henry, 1977).  This can be seen by the absence of scour and circular failures and sand 
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transportation over the floodplain, stability of banks and lack of bed aggradation, for example. It 
was a succession of floods over the six years from 1949 to 1955 that “effected a spectacular 
change in the river channel” (Henry, 1977, p.3).  It was these lesser, more frequent floods over 
this relatively short period that enlarged the channel and changed the river from ‘V-shaped’ to a 
‘rectangular shape’.  Importantly for this thesis analysis, between 1870 and 1949 there was a 
marked fall in population numbers in the Macdonald Valley, from a peak of 1020 people in 1846 
(Hutton-Neve, 1982) to 100 people in 1940 (Richardson, n.d.). As a result, there was no 
extension of settlement, no relevant land-use change nor any interference by man with the river’s 
natural flow between these years.  Between June 1949 and February 1955, along the 30 
kilometers above the tidal zone, the bed width trebled and the bed aggraded by three metres. This 
created a dramatic change in channel shape.  Interestingly this was not the result of increased 
anthropogenic activity in the catchment, but of the flood regime and past anthropogenic activity 
in the catchment, including riparian vegetation removal.  Henry documented that banks that stood 
six to nine metres high between Marlo Creek and Wrights Creek in the Upper to Central 
Macdonald River had only been completely submerged by floodwaters on four occasions since 
1867 to 1969 (Henry, 1977).   
 
Between 1955 and 1969 there seemed to be no apparent change in the channel of the Macdonald 
River. However, from 1969 Henry suggested that the river displayed signs of returning to its pre-
1949 morphology. These signs included channel regression, channel stabilization, the extension 
and building up of its lower benches and the degrading of its bed (Henry, 1977).   
 
While Henry (1977) has stated that channel change on the Macdonald is the cumulative effect of 
repeated high floods between 1949 and 1955 and a raised water table as a result of channel 
aggradation and the unprecedented rainfall of 1950, Erskine states that floods were not the 
underlying cause of the channel change.  A study on the impact of three large floods on channel 
form on the Patuxent River, Maryland, United States of America, (Gupta and Fox, 1974 as 
quoted by Erskine, 1986) found that net affects of floods is substantial, but resultant damage has 
been seen to have been repaired over a relatively short time by succeeding natural moderate flows 
that re-built banks and bars.  This is characteristic of humid-climate confined rivers, such as the 
Macdonald River, as the recuperative capacity of a river channel is dependent upon moisture 
availability and vegetation (Wolman and Gerson, 1978, as quoted by Erskine, 1986).  Rivers have 
been seen to narrow during relatively wet periods, following the establishment of vegetation and 
in the absence of large floods (Schumm and Lichty, 1963 as quoted by Erskine, 1986), and 
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channels widen in response to large floods during relatively dry periods (Erskine, 1986).  This 
further highlights the importance of the role of riparian vegetation in river bank stability. 
 
As seen in Table 1 there has been a highly significant increase in summer and annual rainfall over 
the Macdonald catchment since 1946.  Table 1 reveals that at Howes Valley, located in the 
Macdonald River catchment, had an increase in rainfall by 35.7 percent in 1947.  Interestingly, as 
illustrated in Figure 15, between 1956 and 1978 there were no major floods of a comparable 
magnitude to those of June 1949 and August 1952.  According to the behaviour of humid-climate 
rivers, during increased rainfall and lack of large floods, the Macdonald River should have 
experienced riparian vegetation regeneration and bank and bar construction.  However, as this did 
not occur, it is suggested that the floods between 1949 and 1955 were part of a regional change in 
hydrologic regime comprising an increase in the frequency and magnitude of floods (Erskine, 
1986).  It is the large flood variability, as a result of the hydrologic regime, that can act to 
mitigate against channel recovery as the inter-arrival time between catastrophic events is too 
short for geomorphic re-building.  As seen in Figure 14, the Macdonald River and Howes Valley 
lie between the isolines of the Flash Flood Magnitude Index of 0.6 and 0.4. A Flash Flood 
Magnitude Index, which is one measure of flood variability and is the standard deviation of the 
log-transformed annual flood series, of this value reveals moderate flood variability. As the 
Macdonald River does not have a large flood variability, with a Flash Flood Magnitude Index of 
about half of that of the Western Nueces River in central Texas (Baker, 1977 as quoted by 
Erskine, 1986), this factor is not suggested to be responsible for the lack of channel recovery after 
1955 (Erskine, 1986). 
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Table 1: Changes in annual rainfall for selected stations in and near the Macdonald River 
Catchment. (Notes: From Page’s (1957) test; 2 From Student’s t test. For location of rainfall 
stations see Figure 14). 
(Source: Erskine, 1986) 
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Figure 15: Isolines of Baker’s (1977) Flash Flood Magnitude Index and location map of the 
Macdonald River catchment and of rainfall and river gauging stations. 
(Source: Erskine, 1986) 
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Figure: 16 Variations in annual rainfall at Howes Valley (Kindarun).  
Location shown in Figure 14.  
(Source: Erskine, 1986) 
 
 
2.6 Archive of aerial photographs 
Table C1, in Appendix C, states observations of the aerial photographs illustrated in Figures B1 
to B10, listed in Appendix B. The aerial photographs were taken in 1941, 1954, 1965, 1970, 
1975, 1991 and 2001 of the three sites; Site 1: St Albans, Site 2: Ninians and Site 3: Duck Bar.  
In reference to the history of bank collapse along the Macdonald River, these aerial photographs 
illustrate clearly that there was a total absence of riparian vegetation in 1941 on the banks of all 
three sites, Site 1: St Albans, Site 2: Ninians and Site 3: Duck Bar.  In the photographs of the 
banks and floodplain dated from 1954 channel widening is evident as a result of flood study 
damage from 1949 and there is no evidence of re-growth of riparian vegetation on the bank or 
floodplain.  This can be seen in particular in Figure B9, in Appendix B, at Site 3: Duck Bar, 
where Sternbeck’s bridge acts as a ‘bottle-neck’ in 1954, before being buried in 1974, as seen in 
Figure 20, in text.   
 
The aerial photograph record, hence, reveals the river’s evolution since 1941. From a narrow, 
deeply incised channel with very scarce and effectively no riparian vegetation, but little evidence 
of scour or circular failures in 1941, to a widened, shallower, sand-filled channel with evidence 
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of scour, potential circular failures and channel widening in 1954 to a more stablised channel 
with riparian vegetation re-establishing, although still wide from 1970 to 2001. 
 
To complement the aerial photographs, illustrations in the form of photographs and sketches are 
illustrated in Figures 8 to 13 to highlight the absence of riparian vegetation in the valley, the use 
of the floodplains and banks for agricultural purposes and the presence of circular slumps and 
failures prior in the early 20th Century. 
 
2.7 Methodology – historical aerial photograph analysis 
In order to undertake the historical aerial photograph analysis, photographic records dated from 
1941 to 2001 were sourced and purchased from the Department of Lands at Queen’s Square in 
Sydney’s Central Business District and from United Photo and Graphic Services online using 
given Geoscience Australia 1:250 000 Flight Line Diagrams.  The aerial photographs were then 
scanned at two different resolutions: 2,400 dots per inch (dpi) for the whole image, then 4,800 dpi 
at the three sites of interest, Site 1: St Albans, Site 2: Ninians and Site 3: Duck Bar, to obtain a 
higher resolution and more detailed picture of the three sites’ channel, bank and floodplains.  The 
channel characteristics, river banks and floodplains of each site were compared and contrasted at 
these high resolutions and used with a stereoscope to obtain a sense of the presence of scour and 
circular failures. 
 
2.8 Bank failure observations, interpretation and possible causes 
 2.8.1 Summary of observations and interpretation 
  2.8.1.1 Channel morphology 
The Madonald River channel is a bedrock-confined, sand-bed river.  In its downstream tract the 
river is deeply incised into a dissected sandstone plateau, 200 to 300 metres high, while for up to 
50 kilometers above its junction with the Hawkesbury the Macdonald is flanked by a narrow and 
discontinuous floodplain, typical of coastal streams in New South Wales.  The bank tops are only 
inundated by rare, high floods.  In many reaches, including Site 1, at St Albans, the river is 
confined by the sandstone bedrock on one bank, as seen in Figure 17, and sandy alluvium on the 
other, as seen in Figure 18.  Prior to the floods of 1949, the channel was narrow enough to span 
tree trunks across their width to act as footbridges (Henry, 1977)  
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Figure 17: St Albans, near Site 1, bedrock incised channel. 
(Source: Murray, 2009) 
 
 
Figure 18: St Albans, near Site 1, sandy banks. 
(Source: Murray, 2009) 
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  2.8.1.2 Vegetation 
Prior to the early years of last century, species of reeds, Phargmites australis and the introduced 
Arundo donax, grew three metres high and thickly along the banks from the Higher Macdonald 
downstream to Wrights Creek, located within 20 kilometres of the river mouth, in tidal and non-
tidal zones.  Proliferant reed growth reflected the slow moving river of the time and the densely 
and deeply rooting rhizomes would have acted to stabilize the banks.  It was the introduction of 
fencing wire and cattle farming and associated hoof-damage that damaged large areas of the 
reeds (Henry, 1977) and removed an important bank stabilizing factor for the banks of the 
Macdonald River. 
 
Riparian vegetation has been scarce over history in the Macdonald Valley, as seen in the aerial 
photographs dated 1941, 1954, 1965, 1970 and in the landscape photography from circa 1881 to 
the early 20th Century, in Figures 8 to 13 which shows abundant small slumps. The removal of 
vegetation commenced in the early 1800s during the first settlement.  Settlers took advantage of 
the fertile alluvium for match-stick plantations, feed oats, maise, fruit and cattle grazing.  As a 
result, river bank sediment lost its root strength and was rendered vulnerable to collapse with 
flood activity of the FDR during the 1940s.  Vegetation mapping of the Macdonald catchment 
carried out by Ryan et al. (1996, as quoted by Rustomji, 2003) revealed a strong topographic 
influence upon the location of different vegetation communities. Hillslope vegetation is 
overwhelmingly Eucalypt dominated woodland and forest with shrubby undergrowth, but the 
alluvial valley fills have been largely cleared of their original vegetation and are currently 
covered in pasture.  
 
Currently, with re-vegetation attempts by landholders, The Macdonald Valley Association, the 
Hawkesbury-Nepean Catchment Management Authority and the Department of Environment, 
Climate Change and Water, the valley margin settings’ freshwater reed swamps now support 
sedges and casuarinas species. Along the river banks woody vegetation is establishing.  The 
aerial photographs from 1941 demonstrate the complete absence of riparian vegetation prior to 
the onset of the 1949 flood  and also indicate that much of this current river bank vegetation has 
become established over the last 50 years.  At present 83 percent of the catchment is vegetated 
and pollen analysis reveals composition flora of the catchment vegetation has been stable 
throughout the Holocene to the present, apart from the clearance of the valley fills (Rustomji, 
2003).   
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2.8.1.3 In-channel features 
The channel of the Macdonald is filled with clean, white sand for most of its length, apart from 
the mouth at Wiseman’s Ferry at the junction with the Hawkesbury- Nepean River.  This sand 
has been sourced from the erosion of the catchment’s sandstone gullies and outcrops.  Due to this 
silting up of the channel, the river is no longer navigatible above its mouth at Wiseman’s Ferry 
except by canoe, with a 10 centremetre draft.  Figures 19, 20 and 21 of the neck-cutoff meander, 
five kilometers below St Albans, Sternbeck’s buried bridge and the St Albans Norton Bridge 
reveal the past sandy in-channel features and bed aggradation of the Macdonald River, past and 
present-day. Figures 23 and 24 reveal present-day sandy in-filling channel features. Locations of 
these Figures are illustrated in Figure 22.  
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Figure 19: Neck of cut-off meander five kilometers below St Albans in 1925, top, and 1974, 
bottom. Note the slumps and steep outside scour of the bottom image. 
(Source: Henry, 1977) 
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Figure 20: Sternbeck’s bridge in 1940, top, and buried in 1974, bottom. 
(Source: Henry, 1977). 
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Figure 21: St Albans Norton Bridge in 1910, top, and 1973, bottom, showing channel widening 
and bed aggradation. 
(Source: Henry, 1977) 
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Figure 22: Locations of Figures 19, 20 and 21. 
(Source: Henry, 1977). 
 
Figure 19 
Figure 21 
Figure 20 
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Figure 23: Higher Macdonald, sandy in-filling characteristics of the in-channel location, looking 
South-East. 
(Source: Murray, 2009) 
 
 
Figure 24: Higher Macdonald, in-channel, observing the sediment-velocity gradient and ripples. 
(Source: Murray, 2009) 
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2.8.2 Some observations of bank failure and erosion 
The observations of bank failure and scour mainly include scour at all three sites and some 
potential circular failures along the Higher Macdonald River at Site 3, Duck Bar, as seen in 
Figure 32. This location is now densely vegetated with grasses and shrubs, so evidence of these 
failures is not particularly clear. Figure 30, Site 2: Ninians, reveals scour in addition to Figure 40, 
illustrating Site 1: St Albans.  Figure 25, located downstream proximal to Site 1, reveals past 
rehabilitation measures to re-stabilise the bank material.  Toe-erosion is evident in the Higher 
Macdonald, with livestock given access to floodplains and river for a water source during dry 
periods. Figure 26 illustrates this example of bank erosion. 
 
 
Figure 25:  Downstream of St Albans (Site 1), left-bank stability management. 
(Source: Murray, 2009). 
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Figure 26: Hoof-damage causing toe-erosion, Higher Macdonald.  Cattle seen on floodplain in 
backdrop. (Source: Murray, 2009). 
 
 2.8.3 Probable causes of bank failure 
The river bank instability and channel widening experienced on the Macdonald River is most 
probably a direct consequence of the flood action of the FDR between 1949 and 1955 on the 
banks with the removal of riparian vegetation of European settlement from the 1820s. This is 
similar to examples from elsewhere in the Hawkesbury-Nepean Catchment, such as on the Upper 
Nepean (cf. Hubble, 2001; Hubble and Docker, 2001; Hubble et al. 2009; Hubble and 
Rutherfurd, 2009).  This has been confirmed in the analysis of historical catchment use and the 
re-evaluation of the archival aerial photographs, taken from 1941. 
 
The floods commencing in 1949 were the first of a series of floods enduring six years. It was 
these lesser, more frequent floods experienced on the Macdonald that “effected a spectacular 
change in the river channel” (Henry, 1977, p.3) and the river enlarged and changed from ‘V-
shaped’ to ‘rectangular-shaped’, as seen in Figure 27.  Between June 1949 and February 1955, 
along the 30 kilometers above the tidal zone, the bed width trebled and aggraded by three metres. 
There was a reduction in sinuosity and burial of a number of low-level bridges, resulting in a 
complete change in shape of the channel, as seen in Figure 28.   
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Figure 27: Cross-sections from various points along the Macdonald River.  The dashed lines 
showing pre-1949 profiles are based on information from local farmers. The bold lines represent 
surveyed cross-sections at 1977.  Of specific interest are cross-sections 15 (Ninians: Site 2) and 
16 (Duck Bar: Site 3) – the third and second from the bottom, respectively. Note the change in 
channel shape from ‘V-shaped’ to ‘rectangular-shaped’ with the onset of the 1949 to 1955 floods. 
(Source: Henry, 1977) 
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Figure 28: Schematic models for channel cross-sections for pre-1949, 1955 (immediately after 
the floods) and 2002.   Locations can be seen in Figure 1. 
(Rustomji, 2008) 
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2.9 Conclusions drawn from historical analysis 
The absence of riparian vegetation on the banks of the Macdonald River, followed by the heavy 
rainfall in the catchment and the associated FDR that spanned from 1949 to 1992, caused the 
river bank erosion in the form of fluvial scour, probably exacerbated by circular failures. 
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Chapter 3: Current morphology of the channel 
 3.1 Introduction 
A river becomes unstable if affected by a change of some magnitude in discharge and sediment 
supply, as it becomes to adjust its cross-sectional and planimetric form to the new hydrologic 
regime. This channel adjustment is experienced over a lag time. The 1949 floods experienced in 
the Macdonald Valley initiated channel change, but it was the short inter-arrival time between 
the floods occurring between 1950 and 1955 that was most effective in creating channel 
adjustment, according to Erskine (1986). The highly erodible nature of the perimeter sediments 
also contributed to the rapid channel response. This modified, widened channel was maintained 
by the repeated occurrence of moderate flood events from 1955 and recent channel changes 
indicate that the Macdonald River channel is still changing and possibly unstable.  Evidently, the 
river exhibits frequent variations in bed elevation over a range of 0.25 metres and periods of 
moderate channel widening and contraction (Erskine, 1986). 
 
From frequent visits to the Macdonald Valley, between 1952 and 1977, and field work 
conducted, between 1969 and 1974, Henry (1977) suggested that there was no apparent change in 
the channel fifteen years following the flood damage experienced between 1949 and 1955. In 
addition, he suggested that between 1969 and 1977 the channel exhibited signs that the river may 
be returning to its pre-1949 form. This was evident with the re-grassing and stabilizing of the 
channel, the extending and building up of its low benches and by the degrading of its channel bed 
(Henry, 1977). 
 
Over the past decade there have been efforts made by landholders and local community and 
government groups, such as the Macdonald Valley Association, the Hawkesbury City Council, 
Hawkesbury-Nepean Catchment Management Trust and the Department of Environment, 
Climate Change and Water, in rehabilitating the valley.  Bank re-vegetation schemes and a native 
fish recovery plan have been implemented to improve the health of the river.  Since September 
2008 the ‘Willow Warriors’ have treated over 1,200 black willows in the Macdonald Valley, a 
species on the ‘Weeds of National Significance List’ (Arblaster, 2009).  It is believed the species 
was introduced in the Macdonald Valley as a plantation timber in the late 1960s. Unfortunately 
both male and female trees were cultivated and the species spread up and down the valley by 
windblown seed dispersal (‘Willow Warriors’, n.d.).   
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 3.2 Methodology 
  3.2.1 Field methods 
An investigation into the current morphology of the channel was undertaken by a number of field 
trips to the site.  A reconnaissance trip was made to the Central, St Albans, Upper and Higher 
Macdonald River channels to explore the reaches. The water level of the channel and the channel 
widths were observed and evidence taken in the form of digital camera photographs and sketches 
in a field note book.   
 
The St Albans Norton Bridge and length of pylons were observed and compared to the Bridge 
Survey, in Figure A1 and A2, in Appendix A, and noted to determine the extent since 1901 
consumed by the aggraded channel.  The in-channel sediments were observed and found to be 
clean, white, coarse sand.  The floodplains were seen to be made up of very fine material that 
looked typically alluvial with stratifications of sandy layers and charcoal layers.   
 
Signs of bank failure, both current and relict, were noted. There were many instances of scour 
and potential instances of circular failures but the circular failure areas had been thickly re-
vegetated with grasses and shrubs.  The current vegetation type and densities on the floodplains 
and river banks were observed along with the role of bedrock in confining the river channel in 
different reaches. 
 
The channel between one and two kilometers south of Site 1, St Albans, was explored by a 
canoe, however it was realized how shallow the channel had become with parts not deep enough 
for power boats to navigate. Even a small “tinny” with a four horse-power outboard motor would 
not negotiate the channel with any ease.  The presence of urban development was noted, such as 
private homes on floodplains, one interestingly on stilts at Site 2, Ninians; the Settler’s Arms at 
St Albans, which was half submerged by the 1889 flood; the bridges which have been reported 
to have been submerged in historical analyses and the road’s proximity to river banks.  
 
Additional trips involved the collection of the floodplain and bank sediment samples.  This was 
conducted at Site 1, St Albans, within 200 metres upstream of the Norton Bridge, located in 
Figure 1.  Samples were taken at three locations; Location A at the helipad, Location B at the 
shorter, fence post; Location C at the telegraph pole, which represented the original river bank 
form.  Three samples were taken from each location where there was an obvious sediment change 
or from where there were clear stratigraphic units.  A hand trowel was used to sample these 
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sediments.  In addition, a hand auger was used to sample sediment every 20 centremetres to a 
depth of five metres, to the water-table. Some disadvantages of this method were that there was 
minor mixing of layers with depth as a result of the constant shearing of the auger in the hole 
with the coring, leading to minor homogenization of the stratas.  There were brown/grey silty 
layers layered initially, but these were hard to determine with depth as a result of this 
homogeniziation. Cleaner sand was also found within finer silty-sand layers, which made it hard 
to make a boundary between the split of strata (loamy versus sandy).  
 
In subsequent trips, remaining bank samples were obtained using the hand auger and hand trowel 
at Site 2, Ninians, along the scour ridge on the Eastern bank, located in Figure 1.  There was a 
clear soil profile identified; with a sandy layer and a black charcoal layer with depth.  
Communication was made with the landholder, who was the 5th generation in the Valley. He was 
cultivating feed oats and maise as a winter crop on his floodplain.  Hand auger samples were 
undertaken at Site 3, Duck Bar, along the scour ridge on the North-Eastern bank, location 
illustrated in Figure 1. 
 
  3.2.2 Laboratory methods/data processing 
To investigate the current morphology of the channel, three types of laboratory methods were 
used. Firstly, a historical aerial photograph analysis, a grain size analysis and shearbox test 
analyses.  Historical aerial photographs were obtained from the Department of Lands and United 
Photo Services to identify and quantify changes to channel morphology, along the three reaches 
namely, St Albans (Site 1), Ninians (Site 2) and Duck Bar (Site 3) since the floods of 1949 and 
1955.  Photographs obtained were dated 1941 (United Photo Services 1941) and 1954, 1965, 
1970, 1975, 1991, 2001 (Department of Lands, NSW) and historical aerial photograph 
investigation involved closely comparing and contrasting features such as bridges and riparian 
vegetation and bank characteristics, such as failures, between the years provided.  A stereoscope 
was used to view photographs in three-dimension to find evidence of circular failures and scour 
faces on the river banks. 
 
The sediment size and shearbox tests were undertaken on the samples collected in the field at the 
three sites.  The methods undertaken were, firstly, shearbox tests followed by a particle size 
analysis test, involving sieving, oven drying, a loss-on-ignition test, and laser particle size 
analysis.  
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 3.3 Types of bank failure 
Slope failure or mass movement is the down slope migration of weathered surface rock, soil and 
sometimes substantial blocks of unweathered bedrock.  Gravity is the principle driving agent 
while the addition of water to an unstable slope, such as an overbank flow and complete 
floodplain inundation of a river channel, will often greatly increase the likelihood of failure 
(Hubble, 2004, 2008).  The types of slope failure on the river banks of the Macdonald River are 
river bank scour and circular failures.  Scour is a depression caused by erosion (Kearey, 2001) 
and it is located along the length of the channel from St Albans to the Higher Macdonald River. 
Circular failures are evident at Site 2, Ninians, illustrated in Figures 29 and 30, and in along the 
banks of the Higher Macdonald River, illustrated in Figure 31, and are a type of slide or slump or 
a shearing displacement between two masses of material along a surface or within a thin zone of 
failure.  A slide or slump moves as a unit with little or no deformation.  Failure surfaces are often 
curved or circular and are very common in soils or rocks of low shear strength.  Objects such as 
trees and telephone poles on top of the sliding blocks are titled by the rotational movement 
(Hubble et al., 2009).  
 
 
Figure 29: Upper Macdonald River at Site 2: Ninians with evidence of scour and circular bank 
failures a. (Source: Murray, 2009) 
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Figure 30: Upper Macdonald River at Site 2: Ninians with evidence of scour and circular bank 
failures b. (Source: Murray, 2009) 
 
Figure 31: Higher Macdonald River evidence of potential circular failures on the higher bank 
under thick scrub and grasses, located within 200 metres upstream Site 3: Duck Bar. 
(Source: Murray, 2009) 
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 3.4 Summary of morphologic observations 
  3.4.1 General 
The Macdonald River channel is largely filled with clean, white sand, as a result of playing 
conduit to the transportation of eroded material from the sandstone-dominated catchment. This 
channel characteristic is evident throughout the valley, particularly in the Higher Macdonald, 
proximal to Site 3: Duck Bar, as illustrated in Figures 32 and 33.  In addition, typical of South- 
Eastern Australian coastal streams, the Macdonald is a bedrock confined channel. The floodplain 
morphology of these types of rivers involves the confinement between valley walls.   Resultantly, 
the channel hugs the bedrock valley wall before switching valley sides. As a result, alternating 
strips of discontinuous floodplain form between the channel and the farthest side of the valley so 
the pairing of floodplains is uncommon (Nanson, 1986). The bedrock confinement of the channel 
is illustrated in Figure 34. 
 
 
Figure 32: Site 3: Duck Bar, highly silted channel. (Source: Murray, 2009) 
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Figure 33: Higher Macdonald River, typical sand-chocked, channel morphology.  
(Source: Murray, 2009). 
 
Figure 34: Bedrock confined channel of Higher Macdonald. 
(Source: Murray, 2009) 
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   3.4.2 Upper bank morphology 
With reference to the upper bank morphology of the Macdonald River, at Site 1: St Albans, 
personal communication was made with the landholder who revealed that the upper bank had 
been graded for the creation of a helipad and camping ground.  The landholder revealed that in 
the floods of June 2007 the bank, standing at a height of five metres above the current river bed, 
was overtopped by large flows and the upper bank graded terrace was flooded for a number of 
days.  This bank morphology is illustrated in Figure 35. 
 
 
Figure 35: Graded upper bank at Site 1: St Albans, commencing at the right of the figure. 
(Source: Murray, 2009) 
 
  3.4.3 Bank-toe morphology 
Bank –toe morphology of the Macdonald River can be seen to be damaged by cattle hooves along 
the Higher Macdonald River, upstream of Site 3: Duck Bar, as illustrated in Figure 36.  Cattle are 
left free to roam the floodplains and channel due to the steep hillside and bedrock confined 
channel morphology and for access to water.  Where this has allowed to occur, riparian 
vegetation that is acting to establish itself is being damaged and what water is in the channel is a 
dirty, murky colour with a high concentration of suspended particulate matter.  This cattle 
instigated bank-toe erosion would not assist the native fish recovery plan that is being developed 
Graded upper-bank 
morphology from here 
away from channel 
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for the Valley, relying on the re-establishment of riparian vegetation to shade the channel and 
provide clear, cool water for fish habitats for the Australian Bass, for example. 
 
Figure 36: Higher Macdonald River, evidence of hoof-damage to the bank-toe.  In the 
background there are black and brown Angus cattle on the floodplain. 
(Source: Murray, 2009). 
 
  3.4.4 Vegetation and land use  
While in the past the floodplains were intensively used for agricultural purposes – the cultivation 
of fruit and vegetables and the rearing of livestock to feed the Colony of Sydney, currently the 
Valley is home to more holiday houses and less intensive land uses, such as smaller scale farms 
growing crops largely for self-sufficiency and feed oats for livestock, as illustrated in Figure 37.  
Public land has been transformed into reserves and re-habilitation areas supported by landholders 
and local and government bodies, illustrated in Figure 38.  As seen in the Appendix D, planting 
schemes have been implemented along the length of the river, and as mentioned earlier, 
eradication procedures have been undertaken to rid the problematic Black Willow from the river 
banks.  Figure 39 illustrates native vegetation re-establishing itself and re-claiming the 
floodplains.  The re-establishment of vegetation in the form of grasses and shrubs has been found 
to provide the reinforcement of bank sediment and a riprap-like protection of channel banks from 
erosion, in a study aimed to determine the effect of vegetation roots on bank erodibility (Smith, 
1976).  Natural erosion conditions were simulated to measure the influence of vegetation roots in 
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reducing bank erosion and results indicated that the bank sediment with 16 to 18 percent by 
volume of roots with a five centremetre root-mat for bank protection had 20,000 times more 
resistance to erosion than equivalent bank sediment without roots providing stability.  In high-
flow events, flow was found to preferably scour the channel-bed sand and gravel to depths of up 
to three meters adjacent to the root-vegetated banks, without causing any observable bank erosion 
(Smith, 1976).   This highlights the importance of bank re-grassing and native vegetation re-
establishing itself on the banks of the Macdonald River in preventing future bank collapse. 
 
 
Figure 37: Maize plantation on the upper bank at Site 2: Ninians.  Note scour and slump scarp. 
(Source: Murray, 2009) 
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Figure 38: Re-vegetation of native species in green plastic protective material behind the reeds, 
opposite Site 1: St Albans. (Source: Murray, 2009) 
 
Figure 39: Higher Macdonald River, the reclamation of the floodplain by native vegetation. 
(Source: Murray, 2009). 
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The event of fire is important in river catchments.  Bush fires and back burning efforts can cause 
varying affects on vegetation and runoff.  For up to two years following a bush fire incident in a 
catchment, water, in the form of rainfall, is not readily absorbed by the fire-damaged native 
vegetation and hence not infiltrated into the local soils. Instead rainfall forms large volumes of 
run-off, which flows into nearby streams and rivers, taking with it increased sediment loads, 
causing increased soil erosion and higher channel carrying sediment loads, with secondary 
impacts. However, once the new, regenerated vegetation starts to re-establish, dramatically 
increased volumes of water are demanded by the new plants from the soil. This results in a 
dramatically lower run-off of rainfall reaching nearby streams and rivers.  
 
Professor Mark Adams, at the University of New South Wales, has tested how these new plants 
grow by measuring carbon dioxide, methane and nitrogen dioxide produced from individuals 
growing in enclosed boxes. In addition, water stress, leaf transpiration, infrared gas analysis and 
laser measurements of evaporation were measured. Research, from the average sub-catchment of 
the High Country, New South Wales, reveals it has been estimated that there is a reduction of 
twenty percent in stream flow attributed to less water runoff as a result of the vegetation damage 
and removal resulting from the intensive bush fires of 2003.  To solve the problem of highly 
reduced runoff volumes reaching rivers, it is suggested that frequent, controlled, low intensity 
fuel, controlled burns be undertaken, so that there is not the encouragement of large regeneration 
of catchment vegetation after bush fires, but instead low levels of vegetation regeneration is 
encouraged, that relies on smaller volumes of available water.  Run-off can then still reach the 
channels where it is needed (Adams, 2008).  In 2002, in the Macdonald River catchment, 81,183 
hectares were burnt in Yengo National Park. Intense bush fires have also occurred in the 
catchment between December 2001 and January 2002 (Richardson, n.d.). Fire and run-off may 
have played a role in the wide-scale erosion in the catchment and transportation of sediment and 
sand to cause the sanding-up of the Macdonald River’s channel. 
 
A reconnaissance inspection of the Macdonald River catchment led Dyson (1966) to conclude 
that channel aggradation experienced in the Macdonald River channel was primarily the result of 
accelerated soil erosion throughout the basin and it was fire that was deemed the most important 
factor to cause this erosion. Other factors he deemed significant were land use practices and 
poorly constructed roads (Erskine, 1986). However, it is suggested that the timing and the three-
dimensional nature of the channel change and river bank erosion was not recognized by Dyson 
(Henry, 1977; Erskine and Melville, 1983; 1984, as quoted in Erskine, 1986). In addition, it is 
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suggested that at the time of channel aggradation there was no extensive erosion occurring in the 
upper Macdonald Valley, as stated by the New South Wales Conservation Service (Erskine, 
1986) and the population of the Macdonald Valley was progressively decreasing to the year 1971, 
after peaking in 1841 (Henry, 1977 and Hutton-Neve, 1978, as quoted in Erskine, 1986).  Hence 
the importance of fire in the catchment may not be of such importance in contributing to channel 
aggradation and change for this particular study on the Macdonald River. 
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Chapter 4: Bank sediment physical characteristics 
 4.1 Introduction 
Sediment physical properties of the three sites along the Macdonald River, namely St Albans 
(Site 1) Ninians (Site 2) and Duck Bar (Site 3), were determined to characterize the likely 
response of the banks to flood events. The tests were i). a shearbox test and ii). a grain size 
analysis tests. 
  
The shearbox test is performed to determine the shear strength parameters of a sandy to silty soil. 
These parameters include the Friction Angle (φ) and Apparent Cohesion (c’) (kPa). The soil 
shear strength is required whenever a structure is dependent on the soil’s shearing resistance and 
is necessary for determining slope stability analysis.  From a plot of shear stress versus the 
horizontal displacement, the maximum shear stress is obtained for a specific vertical confining 
stress. Then a plot of the maximum shear stress versus the normal confining stresses for each of 
the tests is produced. From the plot, a straight line approximation of the Mohr-Columb failure 
envelope curve can be drawn. The angle of internal friction (f) can be determined and for 
cohesion-less soils (c=0) and the shear strength can be computed from the equation, S = S tan f 
(Reddy, 2009). 
 
The particle size analysis test determines the percentage by mass of particles within different size 
ranges.  It is one index test used to characterize and grade the great diversity of soils and soil 
materials simply so that their engineering properties may be quickly assessed (Scott, 1980).  For 
coarse soil, the particle size distribution can be determined by the method of sieving, where the 
soil sample is passed through a series of standard test sieves having successively smaller mesh 
sizes. The mass of the soil retained in each sieve is measured and the cumulative percentage by 
mass passing each sieve is calculated. The presence of fine particles in the soil sample requires 
the sample to be treated with a deflocculating agent (Craig, 2004) and placed in a laser diffraction 
particle-sizing instrument. In this case the Malvern Mastersizer 2000, housed in the School of 
Geosciences at The University of Sydney, was used. 
 
 4.2 Methodology – Bank and sediment properties 
  4.2.1 Field methods 
Bank samples were collected on separate field trips to the three study sites.  The initial trip 
involved the collection of samples at St Albans (Site 1), located within 200 metres upstream of St 
Alban’s Norton Bridge, adjacent to the township’s helipad, as illustrated in Figure 40 and located 
 71
in Figure 1.  Three locations on the floodplain at this site were identified as displaying exposed, 
undisturbed river terraces and former banks. Location A, was located proximal to the helipad on 
the middle terrace, and is illustrated in Figure 41. Location B was additionally located on the 
middle terrace near the fence line, and is illustrated in Figure 42. Location C was located on the 
upper terrace adjacent to a telegraph pole and is illustrated in Figure 43.  Three samples, namely 
Sample 1, 2 and 3, were taken at each of the three locations, at points of obvious sediment 
variation through the bank stratigraphy.  In addition, an auger was used to sample undisturbed 
bank sediment to a depth of five metres, to the water table. Samples were taken at twenty 
centremetre intervals.  Samples were stored and transported in individual, labeled zip-lock bags.  
Some disadvantages of the auger sampling involved slight mixing of layers or sample intervals 
with depth as a result of the constant shearing involved with the coring, potentially resulting in 
strata homogenization.  There were brown/grey silty layers layered at the shallower parts of the 
core, but the sharp borders of these layers were hard to determine with the auger activity. With 
depth, cleaner sand was also found within silty finer sand layers, but distinct boundaries between 
loamy and sandy layers were hard to distinguish.  
 
 
Figure 40: Site 1, St Albans. Sampling occurred on right (Eastern) bank. 
(Source: Murray, 2009) 
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Figure 41: Site 1: St Albans, Location A.        Figure 42: Site 1: St Albans, Location B.  
Sample Sample 1 (Lower), Sample 2 (Middle),        1 (Lower), Sample 2 (Middle), 
Sample 3 (Upper).          Sample 3 (Upper). 
(Source: Murray, 2009).          (Source: Murray, 2009).        
 
Figure 43: Site 1: St Albans, Location C. Sample 1 (Lower), Sample 2 (Middle), Sample 3 
(Upper). (Source: Murray, 2009). 
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Additional trips into the field involved the collection of samples at Ninians (Site 2) and Duck Bar 
(Site 3).  An auger was used at both sites to collect bank sediments on the upper terrace, at twenty 
centremetre intervals to a depth of three metres. Samples were stored and transported in 
individual, labeled zip-lock bags.  The sites are illustrated in Figures 44 and 46 and located in 
Figure 1.  In addition, exposed bank samples were collected at Ninians (Site 2) from the scarp 
illustrated in Figure 45.  
 
 
Figure 44: Facing Site 2: Ninians. 
(Source: Murray, 2009) 
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Figure 45: Site 2: Ninians soil profile of upper terrace. 
(Source: Murray, 2009). 
 
Figure 46: Facing Site 3: Duck Bar. 
(Source: Murray, 2009) 
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  4.2.2 Laboratory methods 
   4.2.2.1 Shearbox tests 
Shear strength parameters for sediment samples of the Macdonald River’s banks were determined 
by means of laboratory shearbox tests on specimens taken from representative samples of the in-
situ soil.  The testing was undertaken in the Soil Mechanics Laboratory of the Centre for 
Geotechnical Engineering at The University of Sydney. The specimens, located in Table 3, were 
confined to a metal shearbox of square cross-section split horizontally at mid-height, as 
illustrated in Figure 47.  Porous plates were placed above and below the specimen being tested to 
allow free drainage, as the samples were being tested in their fully saturated forms.  The test 
involved a vertical or normal force (N) being applied to the specimen through a loading plate and 
shear stress was gradually applied on a horizontal plane by causing the two halves of the box to 
move relative to each other and failure to occur on the horizontal plane between them. The shear 
force (T) was measured together with the corresponding shear displacement (∆l). Three 
specimens of each sample (three samples per location) were tested with each subjected to a 
different vertical force or normal stress, as outlined in Table 2.  Results are illustrated in Figures 
E1 to E15 in Appendix E. 
 
The values of shear strengths at failure were plotted against the normal stress along the horizontal 
failure surface for each test, as seen in Table 3 and in Figures E16 to E30 in Appendix E. The 
values of shear stress at failure are plotted against the corresponding values of normal stress. The 
failure envelope is the line having the best fit to the plotted points.  Any stress state plotted below 
the failure envelope would not produce failure (Craig, 2004).   
 
Figure 47: Schematic diagram of shearbox apparatus 
(Source: Clarke, 2007) 
 
Stiff proving
ring measures
shear force: F
Bottom half
displaced x
Dial gauge: x
Load hanger
provides normal
force: N
Soil sample
in split brass box
Motor
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Table 2: Shearbox hanger and weights contributing to ascending normal forces on the samples. 
  
Hanger 
(g) 
Weights 
(g) 
Total 
(g) N/DIV 
Shearbox 1 5416 4539 9,955 3.78 
        
          
Shearbox 2 5400 9072 14,927 4.02 
   4550    
          
Shearbox 3 5868 9093 28,590 3.72 
   9085    
    4544     
 
Shear strength parameters are namely, the Friction Angle (φ) (degrees) and the Apparent 
Cohesion (c’) (kPa). They are also mathematical constants defining a linear relationship between 
shear strength and effective normal stress.  Failure will occur at any point in the soil where a 
critical combination of shear stress and effective normal stress develops (Craig, 2004).  The 
Friction Angle, also known as the angle of repose, or angle of shearing resistance, is the 
maximum angle at which unconsolidated material will form a stable angle, such as the formation 
of a cone when poured from a beaker when the material is dry.  However, more specifically for 
river bank slopes, the maximum stable angle a fully-saturated slope can reach is generally around 
half the Friction Angle of the material the slope is comprised of due to regular complete 
saturation of the slope (cf. Hubble and Hull, 1996).  Hence, the angle is the slope of the line that 
represents shear strength in terms of effective normal stress on the surface of failure (Scott, 
1980).  The Friction Angle can be determined directly from the plot of shear strength against 
normal stress on the horizontal failure surface (cf. Craig, 2004), as in the failure envelope graphs 
illustrated in Figures E16 to E30 in Appendix E.  The Apparent Cohesion or cohesion intercept 
(c’) is a shear strength parameter that represents the part of the shear strength which is 
independent of the effective normal stress.  It is dependent on the strength of the soil sample 
particles when unconfined (Scott, 1980).  It is calculated as the y-axis intercept in the direct plot 
of shear strength against normal stress on the horizontal failure surface, as illustrated in the 
failure envelope graphs in Figures E16 to E30 in Appendix E. 
 
4.2.2.2 Grain size analysis 
Method: 
1. Transfer samples, one centremetre deep, into individual aluminium containers (10cm 
x10cm x5cm). Label (according to key in Appendix) and air-dry in soils laboratory 
overnight. 
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2. Sieve samples, with a two milimetre sieve, into individual, labeled ceramic bowls. Return 
particulate matter greater than two milimetres to aluminium container and re-weigh. 
3. Place ceramic bowls in oven for two hours at 105 degrees Celsius.   
4. Remove ceramic bowls from oven after two hours and half fill with sediment, 
individually weighed crucibles and re-weigh. Return remaining sediment sample to 
aluminium container. Place crucibles on ceramic tray and put in dessicator overnight. 
5. Place ceramic plate with crucibles into furnace at 400 degrees Celsius for four hours. 
6. Turn off furnace after four hours and allow crucibles to cool. Re-weigh crucibles and 
transfer samples to labeled plastic jars. Wipe out crucibles with ‘Kim wipes’.   
7. Transfer half a spatula to individual taller specimen jars. 
8. Add 30 mililitres of dispersant Sodium Hexametaphosphate 50g/L.  Fit containers on a 
centrifuge overnight. 
9. Pour individual samples into the particle size analyser, Malvern Mastersizer 2000.  
10. Particle size analyser measures percentage of clay, silt and sand. 
11. Use percentages of clay, silt and sand to create a Shepard’s ternary diagram to determine 
bank soil type. 
    
 4.3 Bank sediments 
  4.3.1 Grain size results 
The loss-on-ignition results for the 52 samples are illustrated in Table 1F, Appendix F.  The loss-
on-ignition is an index for the organic carbon content in the bank sample.  Loss-on-ignition 
values ranged from 0.1 percent weight to 1.3 percent weight. 
 
The Malvern Mastersizer 2000 laser particle size analyser produced individual particle size 
reports for all 52 samples of bank sediment. These individual reports displayed the particle size 
distribution in percentages of clay (0 to 3.9 micrometers), silt (3.9 to 31 micrometers), coarse silt 
(31 to 62.5 micrometers), very-fine sand (62.5 to 125 micrometers), fine sand (125 to 250 
micrometers), medium sand (250 to 500 micrometers), coarse sand (500 to 1000 micrometers) 
and very-coarse sand (1000 to 2000 micrometers). These reports are included in Figures G1 to 
G52 in Appendix G and two typical reports are illustrated in Figures 48 and 49.  Results are also 
tabulated in Table H1, in Appendix H.  Most individual sample distributions are seen to peak in 
percent volume around the 150 to 300 micrometre value, indicating a dominance of fine sand 
material. In addition, in Table H1, in Appendix H, the d(0.1), d(0.5) and d(0.9) values are given. 
These indicate that 10 percent, 50 percent and 90 percent of the particles measured were less than 
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or equal to the size stated. The value in the d(0.9) increment, or 90 percent of the particles 
measured, range from 279 micrometers to 1321 micrometers, but hover around the 300 to 500 
micrometer value. Hence, this grain size resembling medium sand predominates the bank 
sediment of all 52 samples.  Figure 50 illustrates the pattern of d(0.5) plotted against the 
percentage grain size of clay, silt and sand.  It shows 50 percent of the particles measured for 
sands, silt and clays range from approximately 50 to 500 micrometers, and values cluster between 
150 and 225 micrometers.  It also clearly shows that sand dominates the bank sediment, with the 
highest percentages, followed by silt and then clay.  
 
 
 79
 
Figure 48: 1 of 2 typical grain size analysis reports. (J1 = Site 1: St Albans, Auger 0-45cm) 
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Figure 49: 2 of 2 typical grain size analysis reports (J48 = Site 3: Duck Bar, Auger 200-220cm) 
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Figure 50: d(0.5) versus percent content of bank samples from all three sites: St Albans (Site 1), 
Ninians (Site 2) and Duck Bar (Site 3).  
 
Based on these proportions of sand, silt and clay-sized particles, produced by the particle size 
analyser, illustrated in Table H1 in Appendix H, the bank samples were classified according to 
Shepard’s diagram, as illustrated in Figure 51.  Shepard’s diagram is an example of a ternary 
diagram used to graph a three-component system summing to 100 percent.  In this case, the 
components of the sediment samples are the percentages of sand, silt and clay as seen in the 
apices of Figure 51.  To classify sediment samples, Shepard (1954) divided a ternary diagram 
into ten classes, following the conventions of all ternary diagrams, as shown in Figure 51.  
‘Clays’ contain at least 75 percent clay-sized particles; ‘silty sands’ and ‘sandy silts’ contain no 
more than 20 percent clay-sized particles and ‘sand-silt-clays’ contain at least 20 percent of each 
of the three components (Shepard, 1954). 
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Figure 51: Shepard’s sand, silt and clay diagram. 
(Source: Shepard, 1954) 
 
Tri-plot (Graham and Midgley’s, n.d.) Excel ternary diagram plotting routine was used to plot 
particle size data (Figure 52).  This plot shows that the Macdonald River bank sediments in the 
three investigated sites are dominantly sands and silty-sands, otherwise know as a sandy loam.  
The break-down of sediment sizes is illustrated in Appendix G and H. 
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Figure 52: Ternary diagram produced with particle size analysis data, using Triplot (Graham and 
Midgley, n.d.). 
 
Further analysis of the grain size data in association to the Hjulstrom’s Diagram, illustrated in 
Figure 53, suggests the majority of the bank sediment of a sandy loam grain size, is of a size 
extremely vulnerable to erosion and transport at even relatively low flow velocities of 20 
centremetres per second.   
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Figure 53: Hjulstrom’s Diagram 
(Source: Van de Velde, 2008) 
 
  4.3.2 Summary of the physical properties of bank sediments 
The physical properties of the Macdonald River’s bank sediments may be described as sands to 
silty sands or a sandy loam. A sandy loam is a soil containing much sand but having enough silt 
and clay to make it somewhat coherent.  The individual grains of sand can be readily seen and 
felt.  If the sediment is squeezed when dry it will form a cast which will readily fall apart, but 
when moist a cast can be formed which will not break with careful handling (Hogentogler, 1937). 
As illustrated in Hjulstrom’s Diagram in Figure 50, these materials are very vulnerable to erosion 
and transport.   
 
  4.3.3 Soil strength properties 
The shearbox tests results represented graphically in the failure envelope diagrams, illustrated in 
Figures E16 to E30 in Appendix E, produced the results presented in Table 3 and Table 4 and 
Figure 54.  Table 4 compares the soil strength properties of the Friction Angle and Apparent 
Cohesion with the grain size analysis results. From Table 3 and 4, the Friction Angle values 
range from 35 degrees (at Site 1, Location C, Sample 3: a highly organic sample prior to the loss-
on-ignition test supporting grass roots, with 3.5 percent clay, 14.6 percent silt and 81.9 percent 
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sand) to 51 degrees (at Site 1, Location B, Sample 2: a highly organic, moist layer harbouring 
moss on the day of sampling, with 0.9 percent clay, 3.5 percent silt and 95.7 percent sand - a 
variable but higher on average content of sand).  Hence, those particles with a lower Friction 
Angle, such as Site 1, Location C, Sample 3, are made up of finer, rounder particles and more 
stabilized when situated at lower angles that those particles of Site 1, Location B, Sample 2, 
which are coarser, irregularly shaped particles that can be arranged and held more comfortably in 
steeper formations, such as river banks.  Hence, the higher the Friction Angle, the more stable the 
material is in forming a slope such as that of a river bank, and more resilient the material is to 
bank failure due to this parameter. 
 
Figure 54, which plots Apparent Cohesion values against the bank samples’ percentage content 
of clay, silt and sand, reveals a fairly similar distribution between the soil constituents of the 
range of Apparent Cohesion values from 0 to 6.37.  According to Table 4, the high Apparent 
Cohesion values range from 5.46 to 6.37 and are found to contain relatively low percentages of 
clay, between 2.6 and 3.8 percent, high percentages of silt, between 9.7 and 14.4 percent and 
average percentages of sand averaging 85 percent. Hence, the silt particles are an essential factor 
in determining the Apparent Cohesion, with the larger the silt content, the higher the Apparent 
Cohesion. 
 
Hence, the larger the Friction Angle and the higher the Apparent Cohesion value, the more stable 
the material, and the less likely the river bank is vulnerable to collapse or failure with flood 
activity and erosional events. 
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Figure 54: Apparent Cohesion plotted against percent content of bank samples from the three 
sites: Site 1: St Albans, Site 2: Ninians and Site 3: Duck Bar. 
 
Table 3: Friction Angle and Apparent Cohesion for bank samples 
Shearbox test sample locations       
Site Sample description Location Friction Angle  Apparent Cohesion 
St Albans  Location A Helipad (degrees) (kPa) 
(Site 1) Location A, Sample 1 Lower bank sediment 39.1 6.37
  Location A, Sample 2 Middle bank sediment 39.1 6.37
  Location A, Sample 3 Upper bank sediment 47.65 0.3
  Location B Exposed middle terrace      
  Location B, Sample 1 Lower bank sediment 44.54 0
  Location B, Sample 2 Middle bank sediment 51.2 0
  Location B, Sample 3 Upper bank sediment 36.8 4.98
  Location C Exposed higher terrace      
  Location C, Sample 1 Lower bank sediment 42.19 0.81
  Location C, Sample 2 Middle bank sediment 44.91 3.24
  Location C, Sample 3 Upper bank sediment 34.99 0
Ninians Sample 1 Upper bank sediment 39.27 3.77
(Site 2) Sample 2 Middle bank sediment 44.77 0
  Sample 3 Lower bank sediment 50.25 5.46
Duck Bar  Sample 1 0-20cm auger sediment  48.54 5.86
(Site 3) Sample 2 40-60cm auger sediment 50.91 3.58
  Sample 3 240-260cm auger sediment 47.97 4.69
Average   45.32 2.8
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Table 4: Grain size analysis and shearbox test results 
Site Sample  % Clay % Silt % Sand Friction Angle  Apparent Cohesion 
St Albans  Location A       (degrees) (kPa) 
(Site 1) A,1 3.0 14.4 82.7 39.1 6.37
  A,2 0.7 2.7 96.7 39.1 6.37
  A,3 2.2 8.6 89.2 47.65 0.3
  Location B           
  B,1 4.1 16.4 79.6 44.54 0
  B,2 0.9 3.5 95.7 51.2 0
  B,3 1.4 5.5 93.2 36.8 4.98
  Location C           
  C,1 5.4 21.5 73.1 42.19 0.81
  C,2 0.2 1.6 98.3 44.91 3.24
  C,3 3.5 14.6 81.9 34.99 0
Ninians Sample 1 2.5 11.3 86.2 39.27 3.77
(Site 2) Sample 2 0.0 1.8 98.2 44.77 0
  Sample 3 3.8 12.0 84.2 50.25 5.46
Duck Bar  Sample 1 2.6 9.7 87.7 48.54 5.86
(Site 3) Sample 2 0.9 3.0 96.1 50.91 3.58
  Sample 3 8.5 43.3 48.2 47.97 4.69
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Chapter 5: Bank stability modeling and discussion 
 5.1 Introduction 
The application of geomechanical models to the evaluation of bank stability and bank-failure 
related channel change has been increasing since the early 1980s.  There are a wide variety of 
mathematical models available that can accurately predict the behaviour of a slope in a given 
situation provided there is an understanding of the geometry of slope, the geometry or location of 
the water table within the slope, the bank-sediment’s material properties, such as density, Friction 
Angle, Apparent Soil Cohesion, Apparent Root Cohesion, and surcharges, if present (Hubble and 
Rutherfurd, 2009).  Geomechanical models are used to test two scenarios. Firstly, whether or not 
banks with a substantial tree cover are inherently more resistant to failure during flood draw-
down than de-vegetated banks and secondly, whether or not banks with a substantial tree cover 
are inherently more resistant to failure than de-vegetated banks during flood drawdown if the 
bank-toe has been removed by scour (Hubble and Rutherfurd, 2009). 
 
Factors representing tree-root reinforcement and tree-weight surcharge were first included in 
slope stability calculations in the late 1970s to evaluate the effects of logging on forested slopes 
(cf. Waldron, 1977; Wu et al 1979; Waldron and Dakessian, 1981; Ziemer, 1981 as quoted in 
Hubble and Rutherfurd, 2009).  This approach has now also been increasingly extended to 
evaluating river bank stability. Establishing the geometry of the tree root system is the most 
difficult aspect of modeling vegetative reinforcement.  However, it is hypothesized that tree-roots 
continue to provide soil-reinforcement seven to 20 years after die-off and it has been further 
suggested to increase this age to a value of up to 40 years after die-off. After his period termite 
and decomposing damage has removed any soil-reinforcement properties of the roots (T.Hubble 
[The University of Sydney] pers. comm., 14 October, 2009). Choosing appropriate values for the 
additional cohesion provided by the roots is less problematic with a few studies undertaken on the 
subject as mentioned earlier (i.e. Abernethy and Rutherfurd 2000; Docker and Hubble, 2009).   
 
  5.1.1 Modeling methods 
The geomechanical models for vegetated and devegetated banks in fully saturated conditions 
have been calculated using Xslope for Windows. Due to the absence of information about the 
hydro-geological behaviour of the banks a simplified assumption was made that in the worst case 
failure will generally occur in fully saturated banks just after the recession or drawdown of flood-
waters (cf. Morgenstern, 1963).  There was pre-failure cross-section data available to aid in the 
construction of the model (from Henry, 1977, Erskine, 1985 and Rustomji, 2008). 
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Two general cases have been considered. Firstly, the effect of flood drawdown on a bank little 
modified by erosion which is well-constrained by pre-failure bank geometry data; secondly, bank 
behaviour due to draw-down after toe-scour has modified the bank profile.  The second is a more 
theoretical treatment which models the progress of toe-erosion using a reasonable reconstruction 
of the removal of the bank toe (Hubble and Rutherfurd, 2009).  
 
  5.1.2 Factor of Safety 
The models generated a Factor of Safety (FoS).  The FoS, illustrated in the Infinite Slope Model 
in Figure 55, is a quantitative indication of stability and is defined as the ratio of the resisting 
forces (shear strength of soil) or forces that tend to resist failure, to the driving forces, or forces 
that tend to cause movement and failure. The FoS is a basic approach to evaluating slope stability 
in terms of simple sliding mechanisms.  A natural or constructed slope exists under a certain ratio 
of resisting and driving forces at any particular time (Hubble, 2008). 
 
FoS values range from less than one, to one, to greater than one.  The greater the FoS the less 
likely the slope is to fail. FoS values less than one, suggests that the driving forces are greater 
than the resisting forces and hence the slide will be in progress.  A FoS value of one suggests that 
the slope is in a state of incipient failure and any increase in the driving forces or a decrease in 
resisting forces will serve to trigger movement and/or failure.  FoS values greater than one 
suggest that the slope is in a state of stability (Hubble, 2008). 
 
Many processes acting over long or short periods may decrease the slope’s FoS. The recognition 
and identification of these processes are necessary for the prediction of slope instability.  
Processes that decrease the resistance to failure, with the exception of increases in fluid pressure, 
are usually long-term phenomena. Changes gradually modify the stability of the slope for many 
years prior to movement. The FoS is then lowered to the point where a sudden triggering 
mechanism, such as an earthquake or unusually wet period, such as that of a large flood on a 
floodplain, rapidly equalizes the driving forces and resisting forces, causing failure (Hubble, 
2008). As seen in Figure 55, the FoS influences the angle of a slope and its stability and this 
varies with the presence or absence of vegetation. For example, the un-vegetated, saturated slope 
has a lower stable slope angle, by a least five degrees, when compared to the slope angle with the 
same FoS value as a vegetated, saturated slope. 
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Caution is exercised in interpreting FoS values as natural materials vary laterally such that the 
model parameters may not be completely representative of the actual situation. Hence, the 
consideration of the change of FoS is often just as useful as the FoS value itself with increases 
indicating greater stability and decreases indicating lower stability (Casagrande, 1964 as quoted 
by Hubble and Rutherfurd, 2009).  
 
              
Figure 55: Infinite slope model (Clarke, S. 2007) 
 
 5.2 Bank failure modeling 
  5.2.1 The modeling process 
Xlope a computer program that enables the user to compute the stability of an earth slope using 
Bishop’s (1955) simplified method for circular failure surfaces or Morgenstern and Price’s (1965, 
1967) analysis for non-circular failure surfaces.  The slope is divided into a number of soil layers, 
which can have different soil properties.  In the Bishop analysis a circular failure of rupture is 
assumed and then the equilibrium of the sliding mass of soil is considered by dividing this mass 
into a number of slices, as shown in Figure 52.  This process is repeated for a large number of 
circles and the minimum Factor of Safety (FoS), defined as the ratio of resisting forces to the 
driving forces, is determined.  Locating the critical circle is easily undertaken by employing the 
option to automatically generate the centres and radii for a specified number of circles.  The 
algorithm used provides a very good estimate of the location of the critical centres for a wide 
variety of problems and this initial estimate can then be used to size and locate a rectangular grid 
of circle centres (Balaam, 2001). 
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Figure 56: Circular mass divided up into vertical slices 
(Source: Balaam, 2001) 
 
The Morgenstern and Price analysis is fully interactive, where the non-circular failure surface is 
defined and modified using the mouse.  As the surface is updated the analysis is performed and 
the results are continually updated and tabulated on the screen.  Pore pressures within each soil 
layer can be calculated by a number of different methods and soil layers can be assigned non-
uniform strength properties, viz. cohesion and Friction Angle values can be specified in the 
horizontal and vertical directions.  This then provides the mechanism for analysing soils that 
exhibit anisotropic strength. Additionally, for each soil layer the values of cohesion and Friction 
Angle can vary linearly below a specified elevation and therefore soils with linearly increasing 
anisotropic strength can be modeled (Balaam, 2001).   
 
Steps involved in assembling the data file required to define the problem: 
1. Establish the geometric model, by dividing the slope into the number of soil layers 
needed to model and number the layers sequentially downwards staring with the top 
layers set to layer number one. The base of the model is set at y=0 and the material 
below the base is assumed to have infinite strength.  Thus, circles that intersect the 
base of the model, the left or right hand vertical sides of the model, are not analysed 
because they are assumed to have intersected with material with infinite strength. The 
(x) coordinates assigned to the left and right hand ends of the model should be chosen 
so that the aspect ratio of the model is appropriate. If the results of the analysis 
indicate that the critical circle enters at the right hand side or exits at the left hand side 
of the model this may indicate that a lower factor or safety will be found if the lateral 
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extent of the model is increased.  The surface of each soil layer is defined by straight 
line segments and the changes in slope along the segments must be defined by nodes.  
These nodes must be assigned numbers which increase sequentially with the first node 
being assigned node number one.  There is no restriction on the order in which one 
assigns these node numbers. The definition of the surface of each layer must 
commence at the left hand end of the model and finish at the right hand end of the 
model.   
2. Consider how the pore pressures in each layer are to be calculated. 
3. Assemble the details of the surface loads if any are being applied. 
4. Tabulate the soil properties that are going to be assigned to each soil layer. 
5. Assemble any remaining items of data that are required, such as earthquake loading 
coefficients, unit weight of water, etc.  An important decision is what option should be 
selected for initially analysing circles. The recommended approach is to automatically 
generate the circle coordinates and initially specify 1,000 circles. 
6. Select the Data option, where a series of data entry grids, dialog boxes and text boxes 
are made available for entering the required data.  The data entry is controlled by the 
program as an extensive set of checks are made on the integrity of the data before the 
next data item can be entered.  As the data is assembled it is recommended that the 
Save Data command is used frequently. 
7. When the data has been assembled the Return to Graphics command displays the 
graphics form. Check the data graphically with the graphics option and if modification 
is needed press the Data option.  When the data has been assembled correctly, the 
Analysis-Show form option is selected and the analysis form should be displayed. 
Press the Start command button and the analysis should commence. 
8. When the analysis is completed a grid will be displayed with the results of the analysis 
of each circle.  Verify the results. The circles are plotted using the Circles option and 
the Grid option if you have defined a grid of circles. If the results of this analysis are 
not sensible, careful inspection of the data that has been specified is required. If the 
results of this preliminary analysis are acceptable the recommended approach is to 
select the Analysis –Show form option again and now specify that more circles are to 
be automatically generated, i.e. 5,000 circles. 
9. After this analysis the critical circles should be re-analysed and the output option set 
to full tabular details.  The critical circle should be plotted and the position noted.  An 
interactive analysis can also be undertaken now 
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10. Finally, check the validation of the solution by inspecting the full tabular output for 
the critical circle.  Checks should be made of the values used in the computations (e.g. 
Pore pressures, strength properties etc.). The solution should only be reported when all 
these values have been checked and deemed to be acceptable (Balaam, 2001). 
 
  5.2.2 Whole slope analysis 
   5.2.2.1 Results   
These models are very conservative and generally employ thin, surface parallel layers of root-
reinforced soil with minimal values of root cohesion. Field examination of the roots of trees 
exposed in slump scars and the published studies of Acacia, Eucalyptus, Casuarina and 
Melaleuca (Florence, 1996; Docker and Hubble, 2008; Hubble et al. 2009) indicates a highly 
conservative estimate of the reinforced zone as being four metres divided into three root-
reinforced zones.  This consisted of an upper and lower pair of two metre thick surface parallel 
layers, and a third zone of sparsely root-reinforced material occupying the region between the 
base of the lower surface parallel layer and the drought-period water-table surface. Root cohesion 
values in the surface parallel layers are 10 kPa (upper) and five kPa (lower) and the lower, 
sparsely root-reinforced zone is assigned an additional minimal value of two kPa for root 
cohesion in the vegetated state.  FoS estimates based on these revised parameters yield 
significantly more stable values for vegetated banks than the original parameters, used in 
Hubble’s earlier work (Hubble et al. 2009). Friction Angle or phi values obtained from the 
shearbox tests and soil strength calculations ranged from 35 to 50 degrees. 
 
  5.2.3 Individual bank analysis 
   5.2.3.1 Results – Individual slope analysis 
Individual slope stability models and solutions produced with Xslope for Windows are illustrated 
in Figures K1 to K36 in Appendix K.   
 
Site 1: St Albans. 
For pre-1949, two models were run with a phi value of 35 degrees and 45 degrees. The slope was 
found to be shallow, so there was no need for the creation of any additional models, as shallower 
banks would not have failed.  Factor of Safety values computed for both vegetated and de-
vegetated banks are illustrated in Table 5.  For pre-1940, the value of the FoS for a vegetated 
bank with a phi value of 45 is 25 percent higher than a de-vegetated bank.  These results show the 
role of vegetation in increasing the FoS value and hence stability of the bank slope. 
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Table 5: Factor of Safety values computed for St Albans (Site 1). 
St Albans (Site 1)     
Pre-1949 phi vegetated de-vegetated 
  35 2.92 2.18
  45 3.925 2.965
        
 
Site 2: Ninians. 
For pre-1949, two models were run, with a phi value of 35 degrees.  As the slope was found to be 
too shallow, there was no need for additional models with different phi values.  Even with a phi 
value of 35 degrees and a value of zero kPa for Apparent Cohesion, the cohesion for this slope is 
still stable.  As seen in Table 6, the vegetated slope rendered a higher FoS, of 2.91 compared to 
1.13 for the de-vegetated slope, and therefore vegetated banks are more stable than their de-
vegetated counterparts.   
 
Table 6: Factor of Safety values computed for Ninians (Site 2) 
Ninians (Site 2)     
Pre-1949 phi vegetated de-vegetated 
  35 2.91 1.13
        
 
Site 3: Duck Bar  
For Site 3, two models were run. The first based on pre-1949 configuration while the second was 
based on the pre-1949 configuration with the toe removed to simulate scour, and hence replicate 
post-1949 configuration.  With increasing the Friction Angle (phi) value in degrees, the higher 
the FoS.  getated banks are seen to compute higher FoS values than de-vegetated banks, as seen 
in Table 7. A vegetated bank at Duck Bar (Site 3) has a FoS of 1.065, while a de-vegetated bank 
has a FoS of 0.675 at a Friction Angle or phi of 35 degrees. 
 
Table 7: Factor of Safety values computed for Duck Bar (Site 3). 
Duck Bar (Site 3)     
Pre-1949 phi vegetated de-vegetated 
  35 1.065 0.675
  40 1.23 0.79
  45 1.42 0.935
  50 1.66 1.105
        
Post-1949 phi vegetated de-vegetated 
  40 1.46 1.03
  45 1.66 1.21
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 5.3 Discussion of failure processes acting along the Macdonald River, at the three 
sites St Albans (Site 1), Ninians (Site 2) and Duck Bar (Site 3). 
  5.3.1 Vegetation 
The failure processes acting at the three sites, St Albans, Ninians and Duck Bar, on the 
Macdonald River with regards to vegetation are similar. Prior to 1949, all three sites had an 
absence of vegetation on the banks and floodplains. This has been seen clearly in the archival 
aerial photographs, illustrated in Appendix B, and archival photographs and illustrations from the 
1800s, illustrated in Figures 8 to 13.  As a result of the floods commencing in 1949 failure 
processes of scour as a result of toe-erosion, simulated in the modeling at Duck Bar in the post-
1949 models, caused bank collapse.  Following 1949, grasses have established themselves in the 
banks and floodplains, along with scattered native shrubs and young trees, especially evident at 
Duck Bar and at the Higher Macdonald, as illustrated in Figure 39.  
 
The geomechanical models for the three sites, St Albans (Site 1), Ninians (Site 2) and Duck Bar 
(Site 3), demonstrate that tree root enforcement of the bank soils would likely be responsible for 
maintaining the stability of any vegetated banks during the flood events. Hence, these models 
demonstrate why de-vegetated banks without root-reinforcement should be expected to fail. 
 
  5.3.2 Bedrock incision 
For all three sites, St Albans (Site 1), Ninians (Site 2) and Duck Bar (Site 3), bedrock incision is 
absent at the particular bank of interest, but it is present opposite the bank of interest at all three 
sites.  The sites are located in reaches of the channel where the floodplain has accreted and the 
channel has incised into the alluvial material, as opposed to being directly manipulated by 
bedrock. This factor is therefore relatively important when considering the processes of bank 
collapse at these sites, as the soft, alluvial bank is preferentially eroded to the solid, sandstone 
bedrock. 
 
  5.3.3 Flooding 
All three sites experienced over-bank flow within the flooding period between 1949 and 1955.  
This would have fully saturated the banks and caused rapid drawdown that acts to trigger bank 
collapse.  The fully saturated conditions are worst case conditions that were incorporated in the 
Xslope modeling undertaken for this study. 
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  5.3.4 Bank composition 
All three sites are a sandy loam in bank composition.  As mentioned in Chapter 4, a grain size 
such as that of a sandy loam is very highly vulnerable to erosion and transport, when referenced 
to the Hjulstrom’s Diagram, illustrated in Figure 53.  Material with a sandy loam grain size is 
eroded and transported at a speed as little as 20 centremetres per second. Hence, the Macdonald 
River’s banks devoid of riparian vegetation in the form of grasses or deep rooted native tree 
species would have very little chance of being resilient to flood velocities greater than 20 
centremetres per second.  The bank composition in the shearbox test results produced the values 
of Friction Angle (phi) and Apparent Cohesion that were used in the bank modeling and 
produced banks that failed.  
 
5.4 Summary and future bank collapse 
As illustrated in the modeling results, the higher the Friction Angle, the higher the Factor of 
Safety and the more stable the bank. This higher Factor of Safety is increased with the presence 
of riparian vegetation, providing roots which increase the shear strength of the soil. 
 
The re-establishment of riparian vegetation and the efforts of the landholders, Macdonald Valley 
Association, Hawkesbury City Council, Hawkesbury Nepean Catchment Management Authority 
and the Department of Environment, Climate Change and Water, who have invested much time 
and money into the valley, aim improve the river ecosystem and prevent such channel change and 
deterioration of the Macdonald Valley in the future.  It is becoming more widely understood 
amongst the general public and scientific communities that the river banks that collapsed were 
unprotected in the floods of 1949 to 1955 with the absence of riparian vegetation. The presence 
of healthy riparian trees is highly regarded in providing bank stability, to reduce or minimize 
sediment supplied to the channel by slumping and other types of mass failure (Hubble et al. 
2009).  Additional studies have shown that channel tree cover promotes overwater shading, 
improves habitat, provides corridors between established undisturbed areas and provides large 
woody debris essential for creating habitats for a large variety of riverine fauna (Hubble et al. 
2009).  As a result, preventative measures have and continue to be implemented to improve the 
condition of riparian vegetation and riverine habitat to reduce future bank collapse.   
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However, the Macdonald River and its catchment, typically of South-Eastern Australian coastal 
streams, will continue to be subjected to its bedrock confining walls, dry spells of the DDRs and 
flash flooding of the FDRs.  The soil type of the banks will remain sands to silty sands or sandy 
loams which, according to the Hjulstrom’s Diagram, will continue to be vulnerable to erosion and 
transportation at flow velocities of as little as 20 centremetres per second.  The fertile agricultural 
land will remain limited along the banks, with its narrow floodplain, and bank-toe damage from 
livestock will continue until landholders co-operate with the rehabilitation efforts for the river 
and its valley and the prevention of bank collapse in the future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 98
6. Conclusions, specific findings and future work 
 6.1 Conclusions 
Up until recently, studies using a strong quantitative approach to explain riverine processes and 
particularly those investigating bank failure and consequent morphological change on South-
Eastern Australian rivers have been uncommonly undertaken and as a result, very little has been 
documented on the likely causes of mass failure and the mechanisms by which this failure occurs. 
Studies to be excepted are those by Abernethy and Rutherfurd (1999, 2000), Erskine (1986), 
Hubble and Hull (1996), Hubble (1998, 2001), Hubble and Docker (2001), and Hubble and 
Rutherfurd (2009). The absence of literature on bank failure and consequent morphological 
change on South-Eastern Australian rivers has led to, partly, the intense debate about the relative 
importance of natural and anthropogenic factors as agents of channel change in this geographical 
region.  Quantitative studies that do exist tend to have used more generalized parameters and 
apply observations on a regional scale rather than focusing on a specific section or reach of a 
river and investigating its response to channel change. Hence, it was important in this study to 
conduct a site specific, quantitative study into bank failure and morphological change on three 
different sites along the Macdonald River, namely, St Albans (Site 1), Ninians (Site 2) and Duck 
Bar (Site 3).  
 
In addition, although there are numerous studies documenting the Macdonald River and its 
channel change, (Dyson, 1966; Lamy and Junor, 1965; Scholer, 1974; Henry, 1977; Hutton-
Neve, 1978; Erskine, 1986; Rustomji, 2003, 2006 and 2007) little emphasis has been made, 
particularly with quantitative modeling, on the role of riparian vegetation or lack there of, on the 
banks of the river in influencing channel change. As a consequence, this study is significant in 
suggesting the importance of riparian vegetation in determining channel change on the 
Macdonald River and in contributing to the existing literature on the topic of channel change in 
South-Eastern Australia, such as studies undertaken in the Upper Nepean at Wallacia, in the 
Hawkesbury-Nepean Catchment, New South Wales (cf. Hubble, 2001; Hubble, 2004; Hubble and 
Docker, 2001; Docker and Hubble, 2009).  
 
As a result of quantitative and qualitative field investigations, laboratory investigations and 
computer modeling it was found that native riparian vegetation acts to increase the soil shear 
strength of the river bank sediments.  The determination of this soil shear strength allows for the 
accurate fabrication of models of riverbank stability accounting for mass slumping as a result of 
riparian vegetation removal.  Stream-bank erosion is a natural phenomenon, but riparian 
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vegetation removal exacerbates stream-bank erosion (Docker and Hubble, 2009).  The presence 
of tree roots that cross a shear plane increases the shear strength of the soil on that shear plane 
and the factor of safety of the bank. This increase is in the form of an Apparent Cohesion or 
anchoring mechanisms and is dependent on the quantity of root material expressed as the Root 
Area Ratio (RAR) (Hubble, Docker and Rutherfurd, 2009). 
 
Hence, it can be concluded that channel change on the Macdonald River, specifically in St 
Albans (Site 1), Ninians (Site 2) and Duck Bar (Site 3) that was triggered in the floods between 
1949 and 1955 may be described by Hubble and co-workers Perspective.  The ‘catastrophic’ 
(Henry, 1977) channel change was the result of the absence of riparian vegetation along most of 
its length followed by the increased rainfall and associated run-off and flood activity of the FDR 
between 1949 to 1955.   
 
 6.2 Specific findings 
  6.2.1 The utility of previous models 
The model used was the revised, conservative Hubble Model, based on the original, very 
conservative bank stability model developed for Eastern Australian coastal rivers in Hubble’s 
earlier works (Hubble and Hull, 1996; Hubble, 1998; 2004).  It is a model conservative in the 
engineering sense in that it will generate underestimates of the Factor of Safety in comparison to 
those generated for the same bank by Docker’s (2003) complex model.  The model utilizes the 
results of various investigations undertaken by Abernethy and Rutherfurd (2000), Docker (2003) 
and Hubble (2001, 2004) by using more realistic root-cohesion values, which are much higher 
than earlier estimates due to greater root-area-ratios (RAR) than originally suspected, and by 
increasing the depth to which roots penetrated the bank soil. As a result, the revised bank stability 
model has been suggested to be more realistic than Hubble’s original model.  
 
Factor of Safety (FoS) estimates, based on these revised parameters yielded significantly more 
stable values for vegetated banks than the original parameters. Tree weight surcharge was not 
included in the revised model in order to simplify the FoS calculations and as its effect is 
relatively small. The revised model’s FoS value is lower-bound, conservative value that is 
consistent with the findings of recent research and useful in developing an understanding of 
mass-failure processes on Australian coastal rivers.  However, the parameters are to some extent 
arbitrarily assigned and the revised model should not be used in the geotechnical design context 
which requires considerable validation and appropriate testing (Hubble et al, 2009).  
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 6.3 Future work 
The shearbox test, testing shear strengths of the bank sediment samples, has advantages including 
simplicity and ease in sand specimen preparation, however, it suffers from several disadvantages 
including the limitation of controlling drainage conditions. As pore water pressure cannot be 
measured only the total normal stress can be determined, although this is equal to the effective 
normal stress if the pore water pressure is zero. In the specimen only an approximation to the 
state of pure shear is produced and shear stress on the failure plane is not uniform with failure 
occurring progressively from the edges towards the centre of the specimen.  In addition, the area 
under the shear and vertical loads does not remain constant throughout the test. The triaxial test 
could perhaps be used in addition to or instead of the shearbox test, as drainage conditions can be 
controlled and pore water pressure measurements can be made (Craig, 2004). 
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Appendix 
Appendix A:  
i). St Albans Norton Bridge Survey 
 
 
Figure A1: Bridge over Macdonald River at St Albans Survey, 1901 (1 of 2) 
(Source: RTA Archives) 
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Figure A2: Bridge over Macdonald River at St Albans Survey, 1901 (2 of 2) 
(Source: RTA Archives) 
 
 
 
 
 
 106
ii). Flood records 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3: Flood records from Richmond and Windsor Gauging Stations (1879-1999) 
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Appendix B: Archival aerial photograph record 
 
                        
Figure B1: Site 1: St Albans, 1941.                                                   Figure B2: Site 1: St Albans, 1954. 
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Figure B3: Site 1: St Albans, 1965           Figure B4: Site 1: St Albans, 1975. 
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Figure B5: Site 2: Ninians, 1941.            Figure B6: Site 2: Ninians, 1954                Figure B7: Site 2: Ninians, 1970 
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Figure B8: Site 3: Duck Bar, 1941 
 
Figure B9: Site 3: Duck Bar, 1954
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Figure B10: Site 3: Duck Bar, 1970 
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Appendix C: Archival aerial photograph record observation tables. 
Site 1:         
Year State of vegetation Scour/failures In-channel features Channel characteristics 
1941 Absence of riparian vegetation  No evidence. No features visible due to  High flow. 
  on banks with adjacent floodplain,     presence of high flows.   
  scarce vegetation on bedrock banks.       
1954 No riparian vegetation. Scour extensive on eastern bank  Flow meandering and pooling  Wide, manipulated by bedrock. 
  Floodplains also cleared. (Site 1). sand bars take up equivalent    
      area to water flow.   
1965 No riparian vegetation. Large scour on eastern bank (Site 1) No features visible due to  Wide, manipulated by bedrock. 
    and western bank. presence of high flows.   
1970 No riparian vegetation. Clear failure lines (for few 100s of m) Few sand bars. Wide, manipulated by bedrock. 
    on western bank, scour evident on      
    both banks.     
1975 Scarce riparian vegetation. Potentially hidden under new  Sand bar area equivalent to   Narrower than 1954, deeper under 
    riparian vegetation ie.Western bank  water flow area. bridge, manipulated by bedrock. 
    opposite Site 1.     
1991 Scarce riparian vegetation, bare   Remnants evident on western bank. Sand bars, clean white sand. Pond/dam on western floodplain 
  floodplains, landscape looks dry- Scour on eastern bank (Site 1).    - potential overbank flow. 
  riparian vegetation died or burnt off.     Manipulated by bedrock. 
2001 Banks mostly vegetated, relatively  Hidden by riparian vegetation. Low water level, river meandering  Narrower than 1965, low flow, 
  thickly with small shrubs.    within channel, large amounts of  meandering. Manipulated by  
      clean sand in channel. bedrock. 
       
Site 2: Ninians (Upper Macdonald)       
Year State of vegetation Scour/failures In-channel features Channel characteristics 
1941 Very scarce, two prominent trees on  Little scour, potential circular  Sand bars chocking channel. Narrow, meandering flow. 
  either side of river, one at  failures on both western and    Not manipulated by bedrock. 
  location of Site 2 (eastern bank). Eastern (Site 2) banks.     
1954 No riparian vegetation; tree present Widespread scour on western  Although at high flow,  Wider channel and larger   
  at Site 2 in 1941 now absent - bank and potential circular failures   sand bars present. flow than 1941. Not manipulated   
  removed by floodwaters. on eastern bank (Site 2).   by bedrock. 
1965 n/a n/a n/a n/a 
1970 No riparian vegetation. Large scale scour on both banks  Although at high flow,  Wide channel and large flows. 
    and potential circular failures on  sand bars present. Not manipulated by bedrock. 
    Western bank (Site 2).     
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Site 3:         
Year State of vegetation Scour/failures In-channel features Channel characteristics 
1941 No riparian vegetation. Scour and potential circular failures Low flow, sand bars. Deep, narrow, incised channel,  
    on northern bank (Site 3).   not manipulated by bedrock. 
1954 No riparian vegetation. Obvious scour and circular failure Multiple channels of flow, sand bars. Widened channel, meandering river. 
   on northern bank (Site 3). Bridge re-built but river seems to  Not manipulated by bedrock. 
     have outgrown the bridge already.    
     Bridge is a 'bottle-neck' feature.   
1965 n/a n/a n/a n/a 
1970 No riparian vegetation. Obvious scour and circular failure Sand bars. Bridge still a Same width as 1954; wide. 
    on northern bank (Site 3). bottle-neck' feature. Not manipulated by bedrock. 
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Appendix D: Macdonald re-habilitation efforts. 
 
Figure D1: 1 of 2 
(Source: Hawkesbury-Nepean Catchment Management Authority) 
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Figure D2: 2 of 2 
(Source: Hawkesbury-Nepean Catchment Management Authority) 
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Appendix E: Shearbox test results:  
i). Shear displacement versus shear force graphs 
Lower bank material: 
 
St Albans shearbox test results: Location A, Sample 1
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Figure E1: Site 1: St Albans, Location A lower bank material 
 
St Albans shearbox test results: Location B, Sample 1
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Figure E2: Site 1: St Albans, Location B lower bank material 
 117
St Albans shearbox test results: Location C, Sample 1
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Figure E3: Site 1: St Albans, Location C lower bank material 
Ninians shearbox test results: Sample 3
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Figure E4: Site 2: Ninians lower bank material 
Duck Bar shearbox test results: Sample 3
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Figure E5: Site 3: Duck Bar lower bank material 
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Middle bank material: 
 
St Albans shearbox test results: Location A, Sample 2
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Figure E6: Site 1: St Albans, Location A middle bank material 
 
 
St Albans shearbox test results: Location B, Sample 2
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Figure E7: Site 1: St Albans, Location B middle bank material 
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St Albans shearbox test results: Location C, Sample 2
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Figure E8: Site 1: St Albans, Location C middle bank material 
Ninians shearbox results: Sample 2
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Figure E9: Site 2: Ninians middle bank material 
Duck Bar shearbox test results: Sample 2
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Figure E10: Site 3: Duck Bar middle bank material 
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Upper bank material:  
 
St Albans shearbox test results: Location A, Sample 3
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Figure E11: Site 1: St Albans, Location A upper bank material 
 
St Albans shearbox test results: Location B, Sample 3
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Figure E12: Site 1: St Albans, Location B upper bank material 
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St Albans shearbox test results: Location C, Sample 3 
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Figure E13: Site 1: St Albans, Location C upper bank material 
Ninians shearbox test results: Sample 1
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Figure E14: Site 2: Ninians upper bank material 
Duck Bar shearbox test results: Sample 1
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Figure E15: Site 3: Duck Bar upper bank material 
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ii). Shearbox failure envelopes 
  
Site 1: St Albans Location A, Sample 1
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Site 1: St Albans Location A, Sample 2
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Figure E16: Soil strength properties: Site 1, Location A, Sample 1    Figure E17: Soil strength properties: Site 1, Location A, Sample 2 
Site 1: Site Albans Location A, Sample 3
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Site 1: St Albans Location B, Sample 1
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Figure E18: Soil strength properties: Site 1, Location A, Sample 3    Figure E19: Soil strength properties: Site 1, Location B, Sample 1 
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Site 1: St Albans Location B, Sample 2
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Site 1: St Albans Location B, Sample 3
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Figure E20: Soil strength properties: Site 1, Location B, Sample 2    Figure E21: Soil strength properties: Site 1, Location B, Sample 3 
 
Site 1: St Albans Location C, Sample 1
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Site 1: St Albans Location C, Sample 2
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Figure E22: Soil strength properties: Site 1, Location C, Sample 1    Figure E23: Soil strength properties: Site 1, Location C, Sample 2 
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Site 1: St Albans Location C, Sample 3
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Site 2: Ninians Sample 1
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Figure E24: Soil strength properties, Site 1, Location C, Sample 3      Figure E25: Soil strength properties, Site 2, Sample 1 
  
Site 2: Ninians Sample 2
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Site 2: Ninians Sample 3
y = 1.2024x + 5.4571
R2 = 0.9999
0
5
10
15
20
25
30
35
40
45
50
55
60
65
0 10 20 30 40 50 60
Normal Stress
S
h
e
a
r
 
S
t
r
e
s
s
phi' = 50.3
c' = 5.5 kPa  
 
Figure E26: Soil strength properties, Site 2, Sample 2  Figure E27: Soil strength properties, Site 2, Sample 3 
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Site 3: Duck Bar Sample 1
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Site 3: Duck Bar Sample 2
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Figure E28: Soil strength properties, Site 3, Sample 1       Figure E29: Soil strength properties, Site 3, Sample 2 
 
Site 3: Duck Bar Sample 3
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Figure E30: Soil strength properties, Site 3, Sample 3 
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Appendix F: Particle size analysis loss-on-ignition results. 
Location   Sample Total weight Weight > 2mm Crucible weight Crucible + sample Crucible + sample Loss on Loss on  
      (g) (g) (g) pre-furnace (g) post-furnace (g) ignition (g) ignition (%)
St Albans  0-45 J1 64.43 0.06 13.6 21.2 20.96 0.24 0.4
(Site 1) 45-85 J2 72.16 0.07 17.94 29.17 29.04 0.13 0.2
Auger 85-115 J3 84.35 0.29 17.02 26.7 26.2 0.5 0.6
  115-120 J4 66.88 1.87 14.89 23.05 22.93 0.12 0.2
  120-175 J5 62.69 0.4 15.87 26.46 25.62 0.84 1.3
  175-265  J6 51.52 0.05 13.58 23.45 23.04 0.41 0.8
  265-310 J7 85.91 0.3 17.17 28.69 28.55 0.14 0.2
  310-420 J8 87.35 0.17 15.1 29.93 29.88 0.05 0.1
  420-465 J9 80 0.76 17.92 34.28 34.24 0.04 0.0
  465-485 J10 115.83 5.07 13.89 27.17 26.88 0.29 0.3
Bank samples A.1 J11 60.38 0.27 15.85 33.23 32.74 0.49 0.8
  A.2 J12 69.73 0.15 16.1 33.97 33.85 0.12 0.2
  A.3 J13 75.97 1.97 19.24 32.72 32.39 0.33 0.4
  B.1 J14 78.62 0.26 17.2 29.58 29.12 0.46 0.6
  B.2 J15 68.87 0.21 15.76 29.5 29.34 0.16 0.2
  B.3 J16 58.94 1.56 15.75 29.22 28.98 0.24 0.4
  C.1 J17 72.04 0.26 11.45 20.08 19.68 0.4 0.6
  C.2 J18 81.79 0.05 13.88 27.24 27.12 0.12 0.1
  C.3 J19 77.92 0.14 17.02 26.97 26.57 0.4 0.5
Ninians 0-20 J20 44.58 0.23 14.3 26.95 26.39 0.56 1.3
(Site 2) 20-40 J21 75.82 0.12 13.87 24.98 24.84 0.14 0.2
Auger 40-60 J22 67.68 0.02 14.37 26.69 26.59 0.1 0.1
  60-80 J23 74.98 0.21 17.94 27.67 27.31 0.36 0.5
  80-100 J24 73 0.05 21.15 36.73 36.11 0.62 0.8
  100-120 J25 74.98 0.07 13.6 22.25 21.83 0.42 0.6
  120-140 J26 73.69 0.12 14.13 24.91 24.71 0.2 0.3
  140-160 J27 89.74 0.01 17.9 32.13 31.93 0.2 0.2
  160-180 J28 75.42 0.06 15.84 33.74 33.57 0.17 0.2
  180-200 J29 80.9 0.01 12.06 25.1 24.92 0.18 0.2
  200-220 J30 83.53 0.01 14.14 26.28 26 0.28 0.3
  220-240 J31 76.83 0.02 19.23 29.58 29.1 0.48 0.6
  240-260 J32 76.65 0.01 14.89 23.27 22.93 0.34 0.4
  260-280  J33 69.7 0.02 14.36 25.86 25.49 0.37 0.5
  280-300 J34 73.63 0.15 13.59 23.96 23.57 0.39 0.5
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Bank samples 1 (upper) J35 102.67 0.08 17 28.85 28.33 0.52 0.5
  2 (mid) J36 67.7 0.13 15.75 32.65 32.55 0.1 0.1
  3 (lower) J37 83.36 0.05 15.06 28.46 28.09 0.37 0.4
Duck Bar 0-20 J38 76.69 0.24 19.09 31.63 31.12 0.51 0.7
(Site 3) 20-40 J39 76.28 0.38 13.88 27.14 26.81 0.33 0.4
Auger 40-60 J40 90.07 0.01 14.32 30.97 30.85 0.12 0.1
  60-80 J41 82.1 0.09 21.15 40.29 39.8 0.49 0.6
  80-100 J42 69.28 0.05 17.95 30.02 29.65 0.37 0.5
  100-120 J43 87.41 0.02 13.89 24.82 24.4 0.42 0.5
  120-140 J44 80.52 0.03 17.01 28.62 28.3 0.32 0.4
  140-160 J45 72.92 0.01 17.19 29.19 28.91 0.28 0.4
  160-180 J46 58.01 0.01 19.13 30.14 29.5 0.64 1.1
  180-200 J47 72.79 0.04 13.6 23.21 23.04 0.17 0.2
  200-220 J48 71.73 0.09 11.45 20.9 20.5 0.4 0.6
  220-240 J49 71.51 0.18 14.88 22.42 21.96 0.46 0.6
  240-260 J50 84.88 0.43 12.08 22.64 22.31 0.33 0.4
  260-280 J51 64.4 0.13 19.14 31.39 30.78 0.61 0.9
  280-300 J52 86.91 0.07 17.01 26.97 26.58 0.39 0.4
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Appendix G: Particle size analysis results. 
      
 
Figure G1: Particle size analysis report for Sample J1    Figure G2: Particle size analysis report for Sample J2 
(St Albans (Site 1) auger sediment, 0-44cm)                (St Albans (Site 1) auger sediment, 45-85cm) 
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Figure G3: Particle size analysis report for Sample J3     Figure G4: Particle size analysis report for Sample J4 
(St Albans (Site 1) auger sediment, 85-115cm)                 (St Albans (Site 1) auger sediment, 115-120cm) 
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Figure G5: Particle size analysis report for Sample J5   Figure G6: Particle size analysis report for Sample J6 
(St Albans (Site 1) auger sediment, 120-175cm)    (St Albans (Site 1) auger sediment, 175-265cm) 
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Figure G7: Particle size analysis report for Sample J7   Figure G8: Particle size analysis report for Sample J8 
(St Albans (Site 1) auger sediment, 265-310cm)    (St Albans (Site 1) auger sediment, 310-420cm) 
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Figure G9: Particle size analysis report for Sample J9   Figure G10: Particle size analysis report for Sample J10 
(St Albans (Site 1) auger sediment, 420-465cm)    (St Albans (Site 1) auger sediment, 465-485cm) 
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Figure G11: Particle size analysis report for Sample J11  Figure G12: Particle size analysis report for Sample J12 
(St Albans (Site 1) bank sediment, Location A, Sample 1)   (St Albans (Site 1) bank sediment, Location A, Sample 2) 
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Figure G13: Particle size analysis report for Sample J13  Figure G14: Particle size analysis report for Sample J14 
(St Albans (Site 1) bank sediment, Location A, Sample 3)  (St Albans (Site 1) bank sediment, Location B, Sample 1) 
 
 135 
  
 
Figure G15: Particle size analysis report for Sample J15   Figure G16: Particle size analysis report for Sample J16 
(St Albans (Site 1) bank sediment, Location B, Sample 2)   (St Albans (Site 1) bank sediment, Location B, Sample 3) 
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Figure G17: Particle size analysis report for Sample J17   Figure G18: Particle size analysis report for Sample J18 
(St Albans (Site 1) bank sediment, Location C, Sample 1)   (St Albans (Site 1) bank sediment, Location C, Sample 2) 
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Figure G19: Particle size analysis report for Sample J19   Figure G20: Particle size analysis report for Sample J20 
(St Albans (Site 1) bank sediment, Location C, Sample 3)   (Ninians (Site 2) auger sediment, 0-20cm) 
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Figure G21: Particle size analysis report for Sample J21   Figure G22: Particle size analysis report for Sample J22 
(Ninians (Site 2) auger sediment, 20-40cm)     (Ninians (Site 2) auger sediment, 40-60cm) 
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Figure G23: Particle size analysis report for Sample J23  Figure G24: Particle size analysis report for Sample J24 
(Ninians (Site 2) auger sediment, 60-80cm)    (Ninians (Site 2) auger sediment, 80-100cm) 
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Figure G25: Particle size analysis report for Sample J25   Figure G26: Particle size analysis report for Sample J26 
(Ninians (Site 2) auger sediment, 100-120cm)    (Ninians (Site 2) auger sediment, 120-140cm) 
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Figure G27: Particle size analysis report for Sample J27   Figure G28: Particle size analysis report for Sample J28 
(Ninians (Site 2) auger sediment, 140-160cm)    (Ninians (Site 2) auger sediment, 160-180cm) 
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Figure G29: Particle size analysis report for Sample J29   Figure G30: Particle size analysis report for Sample J30 
(Ninians (Site 2) auger sediment, 180-200cm)    (Ninians (Site 2) auger sediment, 200-220cm) 
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Figure G31: Particle size analysis report for Sample J31  Figure G32: Particle size analysis report for Sample J32 
(Ninians (Site 2) auger sediment, 220-240cm)   (Ninians (Site 2) auger sediment, 240-260cm) 
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Figure G33: Particle size analysis report for Sample J33   Figure G34: Particle size analysis report for Sample J34 
(Ninians (Site 2) auger sediment, 260-280cm)    (Ninians (Site 2) auger sediment, 280-300cm) 
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Figure G35: Particle size analysis report for Sample J35   Figure G36: Particle size analysis report for Sample J36 
(Ninians (Site 2) bank sediment, Sample 1)     (Ninians (Site 2) bank sediment, Sample 2) 
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Figure G37: Particle size analysis report for sample J37   Figure G38: Particle size analysis report for sample J38 
(Ninians (Site 2) bank sediment, Sample 3)     (Duck Bar (Site 3) auger sediment, 0-20cm) 
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Figure G39: Particle size analysis report for Sample J39   Figure G40: Particle size analysis report for Sample J40 
(Duck Bar (Site 3) auger sediment, 20-40cm)    (Duck Bar (Site 3) auger sediment, 40-60cm) 
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Figure G41: Particle size analysis report for Sample J41   Figure G42: Particle size analysis report for Sample J42 
(Duck Bar (Site 3) auger sediment, 60-80cm)    (Duck Bar (Site 3) auger sediment, 80-100cm) 
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Figure G43: Particle size analysis report for Sample J43   Figure G44: Particle size analysis report for Sample J44 
(Duck Bar (Site 3) auger sediment, 100-120cm)    (Duck Bar (Site 3) auger sediment, 120-140cm) 
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Figure G45: Particle size analysis report for Sample J45   Figure G46: Particle size analysis report for Sample J46 
(Duck Bar (Site 3) auger sediment, 140-160cm)    (Duck Bar (Site 3) auger sediment, 160-180cm) 
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Figure G47: Particle size analysis report for Sample J47   Figure G48: Particle size analysis report for Sample J48 
(Duck Bar (Site 3) auger sediment, 180-200cm)    (Duck Bar (Site 3) auger sediment, 200-220cm) 
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Figure G49: Particle size analysis report for Sample J49   Figure G50: Particle size analysis report for Sample J50 
(Duck Bar (Site 3) auger sediment, 220-240cm)    (Duck Bar (Site 3) auger sediment, 240-260cm) 
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Figure G51: Particle size analysis report for Sample J51   Figure G52: Particle size analysis report for Sample J52 
(Duck Bar (Site 3) auger sediment, 260-280cm)    (Duck Bar (Site 3) auger sediment, 280-300cm) 
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Appendix H 
 
Table H1: Particle size distribution and ternary plot diagram constituents. 
Sample Clay (%) Silt (%) Sand (%) d(0.1) (um) d(0.5) (um) d(0.9) (um) 
J1 2.3 8.77 88.93 50.032 181.405 360.432
J2 0.94 3.33 95.73 111.132 213.29 375.672
J3 2.64 22.17 75.19 15.045 131.672 304.469
J4 1.24 6.36 92.4 131.231 285.65 503.501
J5 4.58 43.48 51.94 7.457 68.595 341.965
J6 3.08 16.78 80.14 15.671 137.694 278.245
J7 1.18 4.83 93.99 152.448 435.053 1116.265
J8 0.0 0.6 99.4 220.564 363.818 591.274
J9 0.0 0.6 99.4 270.77 500.134 921.761
J10 1.8 5.2 93.0 167.17 410.097 817.911
J11 3.0 14.4 82.7 22.134 202.945 409.135
J12 0.7 2.7 96.7 117.851 233.501 425.835
J13 2.2 8.6 89.2 54.812 174.871 345.563
J14 4.1 16.4 79.6 11.496 178.971 415.822
J15 0.9 3.5 95.7 98.229 182.42 312.485
J16 1.4 5.5 93.2 141.14 284.795 493.943
J17 5.4 21.5 73.1 6.969 212.413 461.811
J18 0.2 1.6 98.3 155.667 264.591 439.513
J19 3.5 14.6 81.9 13.563 194.909 401.548
J20 2.6 15.0 82.3 18.842 155.018 305.737
J21 1.2 3.8 95.0 92.126 179.516 346.611
J22 1.2 2.8 96.0 95.704 165.863 268.21
J23 2.7 12.8 84.5 26.224 180.969 1321.144
J24 3.9 17.6 78.5 11.238 144.981 321.181
J25 5.5 22.3 72.2 6.787 136.958 327.955
J26 3.1 10.6 86.3 28.913 266.229 706.069
J27 1.1 3.7 95.2 162.397 294.328 493.357
J28 0.8 3.4 95.9 147.452 275.213 507.829
J29 1.8 5.8 92.4 90.106 212.147 390.993
J30 1.5 5.0 93.6 107.802 215.835 393.866
J31 4.1 16.6 79.3 10.443 143.089 988.367
J32 3.4 11.4 85.2 16.775 165.394 322.385
J33 3.5 11.8 84.7 18.606 180.006 389.474
J34 3.5 13.4 83.1 14.535 185.77 331.444
J35 2.5 11.3 86.2 24.458 159.638 306.381
J36 0.0 1.8 98.2 102.361 171.393 278.787
J37 3.8 12.0 84.2 18.239 209.525 434.785
J38 2.6 9.7 87.7 29.927 170.937 327.171
J39 2.2 8.2 89.7 57.072 182.631 340.598
J40 0.9 3.0 96.1 127.735 226.007 374.582
J41 3.0 9.9 87.0 31.882 190.971 369.313
J42 3.2 10.5 86.3 26.949 177.773 350.711
J43 2.4 8.0 89.7 56.186 213.481 406.009
J44 2.8 10.1 87.0 28.238 195.364 369.18
J45 1.6 5.0 93.4 97.444 208.705 485.133
J46 3.1 13.0 83.9 15.956 167.26 300.059
J47 1.4 4.5 94.1 100.595 214.878 394.576
J48 2.5 14.0 83.5 20.527 180.406 754.25
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J49 3.5 29.8 66.7 10.088 113.56 289.115
J50 8.5 43.3 48.2 4.447 57.976 261.84
J51 3.4 20.6 76.0 11.849 167.101 436.241
J52 4.0 21.1 74.9 9.184 148.387 287.33
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Appendix I: Transects 
 
Table I1: Transect dimensions for pre-1949 and post 1949, at St Albans (Site 1). 
St Albans (Site 1)     
Pre-1949    Post-1949   
(from Rustomji, 2008) (from Erskine, 1986) 
Distance (m) Height (m) Distance (m) Height (m) 
0 12.75 0 12
10 11.5 5 11.5
20 10 10 11
30 7 15 10.75
40 7 20 10
50 7.5 25 8.75
60 9 30 7
70 10.5 35 4.5
80 11.5 40 4.8
90 12.25 45 4
100 12.5 50 3.5
110 12.5 55 3.75
120 12 60 3.8
130 11 65 3.5
140 11 70 2.75
150 10.75 75 2.5
160 9.25 80 2.5
170 8 85 3
180 6 90 5
190 4.75 95 7
200 4 100 8.25
210 2.75 105 9.25
220 0.75 110 12
230 0.6     
240 0.5     
250 5     
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Table I4: Additional transect dimensions for pre-1949, at St Albans (Site 1). 
St Albans 1901 (from bridge survey, RTA, 1901)   
Distance 
(f) 
Height 
(f) 
Distance 
(m) 
Actual Height 
(m) 
Relative Height 
(m) 
0 99.81 0.00 30.42 11.77
6.42 99.31 1.96 30.27 11.62
30.42 95.72 9.27 29.18 10.53
56.42 93.47 17.20 28.49 9.84
80.08 92.14 24.41 28.08 9.43
87.42 89.54 26.65 27.29 8.64
99.42 78.78 30.30 24.01 5.36
106.42 76.36 32.44 23.27 4.62
120.42 68.55 36.70 20.89 2.24
156.42 65.22 47.68 19.88 1.23
166.42 62.12 50.72 18.93 0.28
206.42 62.15 62.92 18.94 0.29
219.42 61.79 66.88 18.83 0.18
247.42 61.19 75.41 18.65 0
250.42 61.79 76.33 18.83 0.18
253.42 65.99 77.24 20.11 1.46
271.42 67.09 82.73 20.45 1.8
300.42 74.95 91.57 22.84 4.19
306.42 79.36 93.40 24.19 5.54
329.02 81.2 100.29 24.75 6.1
342.42 83.52 104.37 25.46 6.81
347.42 84.15 105.89 25.65 7
356.42 88.92 108.64 27.10 8.45
371.42 95.72 113.21 29.18 10.53
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Table I2: Transect dimensions for pre-1949 and post 1949, at Ninians (Site 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ninians (Site 2)       
Pre-1949   Post-1949   
(from Henry, 1977)   (from Henry, 1977) 
Distance (m) Height (m) Distance (m) Height (m) 
0 15 0 15
10 10 10 10
20 8.75 20 8.75
30 8.75 30 8.75
40 8.75 40 8.75
50 7.5 50 7.5
60 6.25 60 6.25
70 5 70 5
80 2.5 80 2.5
90 0 90 2.25
100 0 100 2.25
110 0 110 2.25
120 2.5 120 2.25
130 3.75 130 2.25
140 5 140 2.25
150 6.25 150 2.25
160 7.5 160 2.25
170 8.75 170 3.75
180 10 180 10
190 11.25 190 11.25
200 11.875 200 11.876
210 12.5 210 12.5
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Table I3: Transect dimensions for pre-1949 and post 1949, at Duck Bar (Site 3). 
Duck Bar (Site 3)     
Pre-1949   Post-1949   
(from Henry, 1977) (from Henry, 1977) 
Distance (m) Height (m) Distance (m) Height (m) 
0 11.25 0 11.25
10 11.25 10 11.25
20 10 20 5.625
30 10 30 2.5
40 8.75 40 2.5
50 7.5 50 2.5
60 2.5 60 2.5
70 0 70 3.125
80 1.25 80 3.125
90 3.75 90 3.75
100 4.375 100 4.375
110 4.375 110 4.375
120 6.25 120 6.25
130 6.875 130 6.875
140 7.5 140 7.1875
150 8.75 150 8.75
160 10 160 10
170 11.25 170 11.25
180 11.875 180 11.875
190 12.5 190 11.875
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Appendix J: Geotechnical data 
 
Site Sample  % Clay % Silt % Sand 
d(0.1) 
(um) 
d(0.5) 
(um) 
d(0.9) 
(um) Friction Angle  
Apparent 
Cohesion  
St 
Albans  Location A             (degrees) (kPa) 
(Site 1) A,1 3.0 14.4 82.7 22.1 202.9 409.1 39.1 6.37
  A,2 0.7 2.7 96.7 117.9 233.5 425.8 39.1 6.37
  A,3 2.2 8.6 89.2 54.8 174.9 345.6 47.65 0.3
  Location B                 
  B,1 4.1 16.4 79.6 11.5 179.0 415.8 44.54 0
  B,2 0.9 3.5 95.7 98.2 182.4 312.5 51.2 0
  B,3 1.4 5.5 93.2 141.1 284.8 493.9 36.8 4.98
  Location C                 
  C,1 5.4 21.5 73.1 7.0 212.4 461.8 42.19 0.81
  C,2 0.2 1.6 98.3 155.7 264.6 439.5 44.91 3.24
  C,3 3.5 14.6 81.9 13.6 194.9 401.5 34.99 0
Ninians Sample 1 2.5 11.3 86.2 24.5 159.6 306.4 39.27 3.77
(Site 2) Sample 2 0.0 1.8 98.2 102.4 171.4 278.8 44.77 0
  Sample 3 3.8 12.0 84.2 18.2 209.5 434.8 50.25 5.46
Duck 
Bar  Sample 1 2.6 9.7 87.7 29.9 170.9 327.2 48.54 5.86
(Site 3) Sample 2 0.9 3.0 96.1 127.7 226.0 374.6 50.91 3.58
  Sample 3 8.5 43.3 48.2 4.4 58.0 261.8 47.97 4.69
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Appendix K: Modeling results 
i). St Albans (Site 1) 
St Albans Pre-1949 
 
 
Figure K1: St Albans (Site 1) Pre-1949. Vegetated. Phi = 35. Model. 
 
 
 
Figure K2: St Albans (Site 1). Pre-1949. Vegetated. Phi = 35. Solution. 
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Figure K3: St Albans (Site 1). Pre-1949. De-vegetated. Phi = 35. Model. 
 
 
 
Figure K4: St Albans (Site 1). Pre-1949. De-vegetated. Phi = 35. Solution. 
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Figure K5: St Albans (Site 1). Pre-1949. Vegetated. Phi = 45. Model. 
 
 
 
Figure K6: St Albans (Site 1). Pre-1949. Vegetated. Phi = 45. Solution. 
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Figure K7: St Albans (Site 1). Pre-1949. De-vegetated. Phi = 45. Model. 
 
 
 
Figure K8: St Albans (Site 1). Pre-1949. De-vegetated. Phi = 45. Solution. 
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ii). Ninians (Site 2) 
Ninians Pre-1949 
 
 
Figure K9: Ninians (Site 2). Pre-1949. De-vegetated. Phi = 35.Model. 
 
 
Figure K10: Ninians (Site 2). Pre-1949. De-vegetated. Phi = 35. Solution. 
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Figure K11: Ninians (Site 2). Pre-1949. Vegetated. Phi = 35. Model. 
 
 
Figure K12: Ninians (Site 2). Pre-1949. Vegetated. Phi = 35. Solution. 
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iii). Duck Bar (Site 3) 
Duck Bar Pre-1949 
 
 
Figure K13: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 35. Model. 
 
 
 
Figure K14: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 35. Solution. 
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Figure K15: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 35. Model. 
 
 
 
Figure K16: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 35. Solution. 
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Figure K17: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 40. Model. 
 
 
 
Figure K18: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 40. Solution. 
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Figure K19: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 40. Model. 
 
 
 
Figure K20: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 40. Solution. 
 
 171
 
Figure K21: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 45. Model. 
 
 
 
Figure K22: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 45. Solution. 
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Figure K23: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 45. Model. 
 
 
 
Figure K24: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 45. Solution. 
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Figure K25: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 50. Model. 
 
 
 
Figure K26: Duck Bar (Site 3). Pre-1949. Vegetated. Phi = 50. Solution. 
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Figure K27: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 50. Model. 
 
 
 
Figure K28: Duck Bar (Site 3). Pre-1949. De-vegetated. Phi = 50. Solution. 
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Duck Bar Post-1949 (Pre-1949 configuration with toe removed to simulate scour) 
 
 
Figure K29: Duck Bar (Site 3). Post-1949. De-vegetated. Phi = 45. Model. 
 
 
 
Figure K30: Duck Bar (Site 3). Post-1949. De-vegetated. Phi = 45. Solution. 
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Figure K31: Duck Bar (Site 3). Post-1949. Vegetated. Phi = 45. Model. 
 
 
 
Figure K32: Duck Bar (Site 3). Post-1949. Vegetated. Phi = 45. Solution. 
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Figure K33: Duck Bar (Site 3). Post-1949. Vegetated. Phi = 40. Model. 
 
 
 
Figure K34: Duck Bar (Site 3). Post-1949. Vegetated. Phi = 40. Solution. 
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Figure K35. Duck Bar (Site 3). Post-1949. De-vegetated. Phi = 40. Model. 
 
 
 
Figure K36: Duck Bar (Site 3). Post-1949. De-vegetated. Phi = 40. Solution. 
